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Abstract of a thesis submitted for a degree of Doctor of Philosophy 
Abstract 
Modelling the temporal and spatial variation of evapotranspiration from 
irrigated pastures in Canterbury 
 
by  
Jenna Van Housen 
 
Evapotranspiration is a critical factor for local and regional planning, in terms of both water quality and 
quantity, to inform decisions around water catchment management, irrigation, water storage, and 
resource sustainability. Despite its importance, understanding of evapotranspiration from irrigated 
dairy pasture in Canterbury has to date been relatively limited. The focus of this research was, 
therefore, to improve understanding of evapotranspiration from ryegrass-based irrigated pastures 
under grazing. This was achieved through quantifying relationships between actual evapotranspiration 
and canopy development and evaluation and validation of methods commonly applied in the 
estimation of potential canopy evapotranspiration (PETc) for grazed perennial ryegrass (Lolium 
perenne L.) pasture.  
A network of nine lysimeters located at three sites across the mid to north Canterbury Plains was used. 
Pasture canopy measurements were taken throughout the study at one of the sites, and the 
biophysical model ‘DairyMod’ used to simulate pasture growth at all three sites. The ‘DairyMod’ and 
‘HYDRUS-1D’ models were used to simulate soil water flow, and used to support lysimeter-based 
estimates of actual evapotranspiration. Methods examined for modelling PETc included the use of a 
crop coefficient time series and a number of commonly applied single-layer models including Penman-
Monteith (PM), FAO-modified Penman-Monteith (PMFAO) and Priestley-Taylor (PT), and the dual-layer 
dual crop coefficient (DCC) and Shuttleworth-Wallace (SWW) models. ‘DairyMod’ and ‘HYDRUS’ and 
selected PETc models were validated with data collected under a controlled, perennial ryegrass and 
white clover (Trifolium repens L.) pasture experiment at Lincoln University, with two levels each of 
irrigation and nitrogen fertiliser. 
At all three lysimeter sites, the pasture production was nitrogen-limited, with herbage yields of 10.8-
14.9 t DM/ha/y, below optimum yields achievable for Canterbury. The results suggested under-
fertilisation of pasture to be prevalent across the region. ‘DairyMod’ was successful in accurately 
simulating pasture growth under a commercial dairy operation when compared with the measured 
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lysimeter data. However, limitations within the model were identified. Specifically, the calibrated 
model failed to account for the mechanistic relationship between nitrogen and leaf extension at the 
temperature stress parameter values required to achieve a reasonable fit with the observed data. 
Accordingly, within the model, temperature became more limiting than nitrogen. However, this was 
able to be overcome through the reliance on the empirical relationship between temperature stress 
and photosynthesis whereby temperature stress functions in the model could be manipulated to 
achieve the ‘correct’ yields. 
‘HYDRUS-1D’ was found to be superior to ‘DairyMod’ in the simulation of soil water flow. This was due 
to the closer predictions of drainage and soil moisture content with that observed compared with 
DairyMod. The simulated drainage highlighted issues in the lysimeter design. Where lysimeters were 
installed without rubber rims around the top of lysimeter casings, there was the potential for surface 
redistribution of water to occur. This ultimately led to discrepancies in the lysimeter data through 
unaccounted for water losses and therefore a reduction in drainage. 
A crop coefficient time series was developed from the lysimeter water use data. The time step over 
which water use measurements were made was the dominant contributing factor to variation in 
monthly crop coefficient values between lysimeter sites. When daily estimates of water use are used 
rather than weekly or greater, which were calculated with the SWW model, the spatial variability was 
largely eliminated. Temporal variations were found to be seasonally driven. When a mean crop 
coefficient time series from the three lysimeter sites was used to predict PETc, estimates were within 
1-11% of the actual evapotranspiration (AET), determined using the observed lysimeter data. When 
used to predict PETc in the Lincoln experiment, estimates were within 3-13% of AET when water was 
not limiting. The results highlighted that, due to temporal variations, use of a single crop coefficient 
value could not be supported, which led to the rejection of the null hypothesis. However, the site 
averaged time series could be used for water allocation management purposes over the irrigation 
season months. 
The single layer PM, PMFAO and PT models over predicted water use. There was a strong systematic 
error to the daily PM estimates. When the canopy was small PM under-estimated AET but at a leaf 
area index greater than approximately 1.3, PM over-estimated AET. This led to total over-estimations 
of 8-29%. However, this was an improvement on the climate-based PMFAO predictions, which over-
estimated AET by 31-58%, and the PT model, which over-estimated AET by 17-30%. The failure of these 
methods to accurately predict water use was due to their inherent assumptions of the canopy that are 
not representative of a typical grazed ryegrass pasture in Canterbury. The dual crop coefficient model 
provided estimates of water use within 1-24% of the observed AET. However, the SWW model 
predicted water use within 9% of AET. This was largely owing to the separation of soil evaporation 
from canopy transpiration, enabling the influence of the canopy on the potential soil evaporation to 
 iii 
be adequately accounted for. These results highlighted the benefit of using the SWW model for 
irrigation management purposes over other PETc models and the need to actively account for the 
canopy, being the primary factor controlling water use. The method of estimation was also found to 
be significant, whereby under a grazed system the process of canopy transpiration needs to be 
separated from the soil evaporation.  
Finally, irrigation schedule scenario testing across the three lysimeter sites indicated ~35% of drainage 
losses could be avoided through optimising irrigation scheduling. Doing so involved applying 10-20 mm 
per irrigation event, with a minimum return interval of 2-4 days, and delaying irrigation by 10-14 days 
following grazing of the paddock. Through optimising irrigation, the total irrigation applied was 
reduced by up to 64% without compromising herbage accumulation. However, while less irrigation 
was required, more nitrogen was necessary for optimum yields to be achieved. It is likely that this 
finding is applicable to many commercial dairy farms region wide. 
 
Keywords: evapotranspiration, lysimeter, perennial ryegrass, nitrogen, irrigation, crop coefficient, 
Penman-Monteith, Priestley-Taylor, Shuttleworth-Wallace, DairyMod, HYDRUS.  
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1.2 Evapotranspiration 
Evapotranspiration encompasses evaporation of water from the soil surface and plant transpiration. 
Temporal variations in evapotranspiration, both worldwide (Frank & Inouye, 1994) and within New 
Zealand (Ryan, 1987) are climate driven. Spatially, evapotranspiration has the potential to vary in 
response to climate as well as the soil conditions and management. Soil type, for example, can 
influence the water holding capacity of a soil and therefore water availability to the plant and the 
potential for water losses, including drainage and surface re-distribution. Management practices, 
including irrigation, fertilisation and grazing, can also lead to spatial variations in evapotranspiration 
through their influence on pasture growth. 
The current hypothesis is therefore that there is sufficient spatial variation in pasture water use to 
preclude the use of a single crop coefficient time series at all locations for accurately modelling 
evapotranspiration from pasture for the purpose of irrigation management. 
 
1.3 Irrigation demand in Canterbury 
The Canterbury region is the largest consumptive user of water in New Zealand. Southland has a 
greater total water use, but the majority (99%) is for hydroelectricity generation (Rajanayaka et al., 
2010). Within Canterbury, irrigation is the dominant water consumer, and in 2010 accounted for 72% 
of the region’s consented annual water allocation for the irrigation of 680,128 ha. This equated to 68% 
of the potentially irrigable area in Canterbury (Morgan et al., 2002) and over 60% of the country’s total 
consented irrigated area (Rajanayaka et al., 2010). Of the 680,128 ha, 87% was irrigated pasture with 
the remainder split between arable cropping, horticulture, and viticulture. Irrigated pasture is 
therefore the significant land use within the region. Accordingly, access to water for irrigation is a key 
driver of the local and national economy through the large increases in production that can be achieved 
with it (Saunders & Saunders, 2012). However, with many water resources in the region becoming, or 
already considered, fully allocated (Jenkins, 2007) there is increasing pressure to manage water more 
effectively. 
Despite its importance, understanding of evapotranspiration from irrigated dairy pasture in 
Canterbury has to date been relatively limited. Without a scientifically robust understanding of pasture 
evapotranspiration, there is the potential for seasonal irrigation allocations, which are required to form 
part of irrigation water permits (Ministry for the Environment, 2011), to be either under- or over-
estimated. This can lead to production losses due to insufficient allocation, or conversely the ‘locking 
up’ of water through over-allocation. This is of particular importance where irrigation demand is high, 
such as in Canterbury, but where further irrigation developments are largely restricted due to existing 
pressures on water resources (Morgan et al., 2002).  
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Models commonly used to estimate evapotranspiration include the Penman-Monteith combination 
model (Monteith, 1965), or other derivatives or simplifications of it. Some of these are the Priestley-
Taylor radiation-based model (Priestley & Taylor, 1972), the FAO-56 dual crop coefficient method 
(Allen et al., 1998), and the coupled multi-layer approach of Shuttleworth and Wallace (1985). 
However, their validity in a New Zealand context, and more specifically Canterbury, under different 
canopy conditions due to grazing effects, has not been evaluated. Furthermore, current methods used 
in the estimation of farm-scale evapotranspiration practised by regional councils place significant focus 
on soil properties, namely the soil plant available water (PAW), with little regard for the influences of 
the canopy, as to date such influences, specifically under a grazed scenario, have not been well 
researched. 
This thesis therefore aims to improve understanding of evapotranspiration from ryegrass-based 
irrigated pastures under grazing. To do this, quantitative relationships between actual 
evapotranspiration and canopy development have been identified. Methods commonly applied in the 
estimation of potential canopy evapotranspiration were examined to determine their validity within a 
Canterbury context, under grazing. The findings from this are intended to inform farm-scale water 
allocation and management decisions, which in aggregate aims to improve allocation and management 
decisions at the regional scale.  
 
1.4 Aims and objectives 
As this study forms part of the MBIE Waterscape Programme (Section 1.1), the experimental design 
and much of the data collection were not exclusive to the research of this thesis. Namely, the results 
presented in Chapters 3-4 relate to the Waterscape Programme. The data presented in Chapter 5 were 
collected for a separate Lincoln University Research project investigating water use efficiency of 
ryegrass-based pastures in Canterbury. However, these datasets are used exclusively as a modelling 
control for this thesis. 
The main aim of this research is to improve estimates of irrigated, grazed pasture evapotranspiration 
in Canterbury through the evaluation and validation of existing models. The desired outcome is to 
provide a scientifically robust and defensible basis for water allocation and water management 
decisions. To achieve this, the following objectives were set: 
1. Critically review current methods used for estimating potential evapotranspiration. 
2. Describe and quantify growth of a well-watered lysimeter-grown perennial ryegrass-based 
pasture under a commercial Canterbury dairy farming operation. This will allow for the direct 
comparison of pasture performance with other published data for Canterbury, and provides data 
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against which simulated pasture growth can be validated (Objective 3), and leaf area and pasture 
height data required for the estimation of pasture water use (Objective 4). 
3. Assess the potential of ‘DairyMod’ to accurately simulate growth of perennial ryegrass-based 
dairy pasture when compared with irrigated lysimeter-based measurements on a commercial 
Canterbury dairy farm. 
4. Describe and quantify lysimeter drainage, soil moisture and actual evapotranspiration of 
lysimeter-grown ryegrass pasture on three irrigated commercial Canterbury dairy farms.  
5. Determine the accuracy with which two common models, ‘DairyMod’ and ‘HYDRUS-1D’, can be 
used to simulate soil water flow when compared with lysimeter-based drainage and soil moisture 
measurements for three irrigated commercial Canterbury dairy farms.  
6. Develop and assess a crop coefficient time series for irrigated pasture and assess the accuracy of 
current models used in the estimation of potential evapotranspiration when compared with 
lysimeter-based measurements on three irrigated commercial Canterbury dairy farms.  
7. Validate selected pasture growth, soil water flow and potential evapotranspiration models against 
measured data collected from a controlled research site subjected to different water and nitrogen 
treatments.  
8. Investigate how irrigation of pasture can be managed to improve irrigation efficiency and on-farm 
productivity.  
These objectives were achieved through field lysimeter studies of water use at three sites across 
Canterbury over a 12-month period (September 2011-August 2012). Measurements of pasture canopy 
growth and development were carried out at one of these sites for the same period, and water use 
and canopy development data collected from a water use efficiency experimental trial from 2011-2013 
(Black & Murdoch, 2013) at Lincoln University, Canterbury. Models used to simulate pasture growth, 
variably saturated soil water flow and daily evapotranspiration were used to support and extend the 
field collected data. 
 
1.5 Thesis structure 
This thesis is presented in seven chapters (Figure 1.1). A review of the literature is provided in Chapter 
2. The literature review initially describes the process of evapotranspiration and explores the 
influences of climate, soil and pasture management and physiology on evapotranspiration. It outlines 
methods used to measure, quantify and simulate canopy development and variably saturated soil 
water flow. A critical review of methods employed in the measurement and estimation of 
evapotranspiration is then carried out to meet Objective 1.  
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Chapters 3-6 are designed to meet Objectives 2-8. Each chapter describes the experimental design, 
environmental conditions, methods and materials used, relevant to the specific chapter.  
Chapter 3 addresses Objectives 2 and 3. Herbage mass, botanical composition, canopy leaf area and 
height and nitrogen fertility are quantified for lysimeter-grown ryegrass pasture at one of three 
Canterbury commercial dairy farms (Larundel Dairy Farm (LDF)) included in this thesis (Objective 2). 
The biophysical model ‘DairyMod’ is calibrated against the pasture measurements at LDF, then used 
to simulate pasture growth for the remaining two farms (Three Springs Dairies (TSD) and Pendo Farms 
(PF)) (Objective 3).  
The results and a discussion of lysimeter measured soil water flow and pasture water use data for LDF, 
TSD and PF are provided in Chapter 4, to address Objective 4. Drainage through and changes in soil 
moisture in the lysimeters at the three sites are simulated using ‘DairyMod’ and ‘HYDRUS’, which are 
calibrated against the lysimeter drainage measurements (Objective 5). Crop coefficient time series are 
also developed in Chapter 4 from the lysimeter data. The predictive abilities of standard potential 
evapotranspiration models to estimate potential evapotranspiration from irrigated, grazed pasture, 
through the incorporation of measured and simulated pasture canopy variables, are then also 
investigated (Objective 6). 
The validation of the ‘DairyMod’ and ‘HYDRUS’ and selected potential evapotranspiration models and 
crop coefficient time series is addressed in Chapter 5, with data collected under a controlled, perennial 
ryegrass and white clover (Trifolium repens L.) pasture experiment. Its treatments were ±irrigation and 
±nitrogen fertiliser, which addresses Objective 7. 
A series of scenarios are tested in Chapter 6 (Objective 8) to determine how irrigation can best be 
managed to limit losses of water that do not contribute to pasture growth (drainage and evaporation) 
and therefore improve irrigation efficiency. 
The final chapter, Chapter 7, provides a general discussion of the results of Chapters 3-6 and identifies 
key outcomes from the current research and areas for further investigation. 
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2.2.2.1 Measurement of actual evapotranspiration 
The measurement of AET from a crop involves detailed field measurements of energy or water fluxes. 
The eddy covariance technique, for example, is used for measuring vertical energy fluxes (Ding et al., 
2010; Kuske, 2009), while lysimeters are used to measure water fluxes in, out, and through the soil 
(Allen et al., 1998; Hillel, 1998; Jensen et al., 1990). AET can therefore be determined through 
measurement of the various components of the soil water balance (Allen et al., 1998). In the current 
research, AET was determined using a standard water balance equation (Equation 2.1) with measured 
water fluxes of irrigation and precipitation, soil moisture and drainage. For the first experiment 
(Chapters 3 and 4), these were based on lysimeter measurements. For the second experiment in 
Chapter 5, measurements of water inputs and changes in soil moisture were coupled with simulated 
drainage predictions. 
Soil water balance 
The water balance approach encompasses the subtraction of water outputs from the inputs to 
calculate ET losses (Allen et al., 1998; Russell & Norman, 1959), as in Equation 2.1. Here, I is the 
irrigation, P the precipitation, RO the runoff, D the drainage, CR the capillary rise, ΔSF the change in 
subsurface flow, and ΔSMC the change in soil moisture content. In many situations, subsurface flow is 
minor, except on slopes. Furthermore, lysimeters consist of a soil profile encased in a non-permeable 
chamber; therefore, subsurface flow and capillary rise do not need to be considered. 
ET = I + P − RO − D + CR ± ∆SF ± ∆SMC 2.1 
Numerous other authors have presented variations of Equation 2.1 for calculating ET, including Rose 
(2004), Jensen (1973), and Hillel (1998). However, all effectively follow a similar process.  
Commonly, AET is estimated using neutron probes, time domain reflectometers and tensiometers, or 
similar technology (Black & Murdoch, 2013; Di et al., 1998; Dougherty, 1973; Mills, 2007). AET is 
determined from changes in the soil water content or soil water tension plus rainfall and irrigation 
water inputs using Equation 2.1. If not measured, drainage and surface runoff losses can be estimated 
to be equal to water inputs in excess of the water holding capacity of the soil, and capillary rise is often 
ignored.  
Lysimeters  
Lysimeters typically consist of large tanks filled with soil, either excavated and re-packed or as an 
undisturbed soil monolith, installed within the field to reflect natural conditions (Winter, 1974). The 
physical and biological properties of a re-packed lysimeter compared with one containing an 
undisturbed profile are very different, and therefore the World Meteorological Organization (WMO) 
(2008) recommends an undisturbed soil approach to their construction.  
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period occurs in spring, with aftermath heading in summer. Flowering reduces the nutritive value of 
the pasture as the seed heads contain more structural material with lower nitrogen content (Lee et al., 
2012; Tonmukayakul, 2009; Waghorn et al., 1989). Persistence can range from 5 to 20 years, 
depending on environmental factors such as pests, disease, and the ability to recover from summer 
drought conditions when irrigation is not used (Kemp et al., 1999). 
Annually, perennial ryegrass dry matter production  has been reported to range from 10 to 25 t DM/ha 
throughout New Zealand (Kemp et al., 1999). However, depending on location and environmental 
conditions, productiob can be lower. Fasi et al. (2008), found the production of unfertilised pastures 
to be approximately three times less than nitrogen-fertilised pasture. Easton et al. (2001) reported 
mean annual ryegrass yields of 10.9-14.1 t DM/ha based on a study that involved a range of cultivars 
grown in both the North Island and Canterbury. For Canterbury, mean annual yields were in the range 
of 11.7-13.2 t DM/ha. Horne et al. (2011) also reported irrigated ryegrass with white clover herbage 
yields, averaged over 30 years at Winchmore, Canterbury, to be 9.4-11.7 t DM/ha/y, depending on the 
amount of irrigation, return interval, and soil moisture trigger level set. The lower value of 9.4 t 
DM/ha/y involved a 15-day irrigation return interval, causing the top soil layer to be dry more 
frequently than in other treatments that had return intervals of 5 days. In the first experiment in this 
thesis, all lysimeters were spray irrigated with return intervals of 3-5 days. During the second 
experiment, irrigation return intervals were 3-60 days. Black and Murdoch (2013) recently reported 
maximum yields greater than 20 t DM/ha/y for the irrigated, fully fertilised ryegrass/white clover 
pasture in Canterbury, which were used to validate models in this research (Objective 7).  
Average seasonal growth rates of perennial ryegrass have also been reported throughout the 
literature. Rickard and Radcliffe (1976) reported irrigated ryegrass growth rates for Winchmore, 
Canterbury to be between 3-56 kg DM/ha/d, with peak rates achieved during December and January, 
and the lowest growth period from June to August. Similarly, McBride (1994) reported, that when 
irrigated at a deficit of 50% of the available soil moisture, growth rates were 8-51 kg DM/ha/d for 
Winchmore. Ryegrass growth rates in the Bay of Plenty and Waikato reported by Baars et al. (1991) 
were higher, ranging from 5 kg DM/ha/d in July to 90 kg DM/ha/d in January. 
Measurement of pasture herbage mass is commonly undertaken by destructive sampling or non-
destructively estimated using a rising plate meter (RPM) (Michell, 1982), both of which were used in 
this study. 
  
14 
2.3.2.2 Influence of water 
Soil water and plant interactions 
Soil-water-plant relationships are complex. Soil water moves from regions of higher to lower water 
potential under the influences of gravity, suction, or osmosis (Jensen, 1983).  
Saturated flow occurs when all pores are water-filled. Water will predominantly flow downwards 
under gravity, although some lateral flow can also occur. Following heavy rain or irrigation, the soil will 
drain until field capacity (FC) is reached, which is generally described as being equivalent to a matric 
potential of approximately -10 kPa (McLaren & Cameron, 1996). At this point AET, in theory, is equal 
to PETc, as water is not limiting. 
When unsaturated, water is held within the soil matrix by adhesion and cohesion forces. As soil dries, 
the larger then progressively smaller pores become air-filled (Hillel, 1998), causing suction to increase. 
Unsaturated flow occurs as either water creep along the larger soil pore walls, or as tube flow through 
narrow water filled micro pores (Hillel, 1998). As water is taken up by the plant, drier zones of lower 
potential occur around the roots, attracting water from wetter regions in the soil. If transpiration 
continues without inputs of rainfall or irrigation, the soil will continue to dry out and the soil water 
potential will further reduce. Eventually the flow of water will not be fast enough to meet the 
evaporative demand and the plant will come under water stress (McLaren & Cameron, 1996).  
Various attempts have been made to determine the plant stress factor (Ks) as a function of the soil 
available water content. Allen et al. (1998) identified that the effect of water stress on ET can be 
represented as follows, where Kc represents a crop coefficient (Section 2.4.1):  
AET = Ks Kc PETo = Ks PETc 2.2 
Figure 2.2 illustrates the relationship between water stress and soil water content. A Ks <1.0 indicates 
plant water stress. Various authors have identified that the stress point, which is commonly referred 
to as the critical deficit, varies depending on meteorological conditions (Doorenbos & Pruitt, 1975; 
Hillel, 1998), crop type (Van Bavel, 1966), and rooting densities (Cowan, 1965; Kirkham, 2005). The soil 
type is also, and predominantly, influential (Doorenbos & Pruitt, 1975). Lighter soils, such as sandy 
soils, dry out faster compared with heavier soil, which due to capillary forces are able to hold onto 
water under greater suction (McLaren & Cameron, 1996) (Section 2.3.3). The critical deficit (θL) is often 
considered to be where the plant available soil water (PAW) (i.e. field capacity - wilting point) falls 
below 50%, at which point the canopy is subject to water stress (Martin et al., 2008; Meyer & Green, 
1981). The wilting point is generally described as being equivalent to a matric potential of 
approximately -1500 kPa (McLaren & Cameron, 1996). McBride (1994) identified that where soil 
moisture levels were maintained above 50% of the available soil moisture, annual pasture yields 
increased by 80% over dryland yields. For this study, the critical deficit has been defined as being at 
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50% of the PAW. Water extraction by the canopy can also reduce under wet conditions, due to water 
logging and oxygen limitations (Feddes et al., 2001; Johnson, 2013a). This is illustrated in Sections 
2.3.2.6 and 2.3.3.4. 
 
 
Figure 2.2 Water stress coefficient (Ks), where RAW is the readily available water, TAW the total 
available water, FC field capacity and WP wilting point. Redrawn from Allen et al. (1998). 
The critical soil moisture deficit (θL) is reached once Ks<1. 
 
Plant response to water stress  
Water stress has been identified as one of the greatest limiting factors to the growth and persistence 
of plants (Hsiao, 1973; Jamieson, 2000). The response of plants to water stress is one of control, where 
the rate of water loss through the plant into the atmosphere is limited to reduce the plant growth rate, 
prevent dehydration, and ultimately death (Jamieson, 2000). Control measures include reduced turgor 
pressure in cells, increased stomatal resistance to water vapour loss, and reduced photosynthesis, each 
of which reduce pasture productivity and yield (Campbell & Turner, 1990; Hillel, 1998; Hsiao, 1973; 
Jensen, 1983; Martin et al., 1990). The control response of plants is reflected in methods for estimating 
ET rates from the canopy. For example, the Penman-Monteith evapotranspiration model (Section 
2.4.2.1) incorporates a canopy resistance factor (rs), which is a function of stomatal resistance and the 
leaf area index (Section 2.3.2.4) (Allen et al., 1998). 
Stomatal closure is commonly considered to be the main control process by plants to reduce water 
loss and therefore limit the effects of stress (Hsiao, 1973). Stomata open and close in response to a 
range of environmental conditions, although the water potential of the plant (i.e. cell turgidity) is the 
dominant influence (Hillel, 1998; Jamieson, 1986). Stomatal closure regulates transpiration losses in 
accordance with soil moisture uptake (Johns, 1978). Numerous studies have identified that the 
controlling response of plants to water loss by reducing the leaf area, through reduced elongation, 
reduced tiller density, leaf rolling or early senescence, has a greater effect than through stomatal 
L 
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closure (Jamieson, 1986; Johns, 1978). Underlying this argument is that the rate of transpiration 
decreases in response to increased stomatal resistance. However, this is countered by leaf 
temperature rise and a subsequent increase in saturated vapour pressure within the stomata, 
increasing transpiration. 
Reduced turgor pressure in response to water stress has a direct effect on cell expansion, which in turn 
leads to reduced leaf elongation and therefore the development of smaller leaves (Hsiao, 1973). 
Where the leaf area is reduced below the optimum for light interception of 95%, a reduction in light 
interception, photosynthesis and therefore transpiration and growth will result (Brougham, 1958; 
Johns, 1978). However, a plant can be affected by water stress levels that are much lower than those 
required to cause wilting, as cell expansion is one of the plant processes most sensitive to stress, even 
when it is mild (Hsiao, 1973).  
When the soil moisture reaches the critical deficit, the availability of water for plant uptake is reduced 
below PETc, and the plant comes under stress. However, in conditions of extreme temperature and 
wind, for example, in Canterbury where high north west winds and temperatures of 30°C or greater 
can frequently occur (Scotter & Heng, 2003), sometimes the xylem cannot keep up with demand 
(Kramer, 1983) and the crop can become stressed even if the water supply is adequate. 
Jones et al. (1980) reported reductions in yield of 20% and photosynthesis of 50% from field-grown, 
water-stressed perennial ryegrass pasture grown in Berkshire, England, when compared with irrigated 
treatments. Herbage yield and photosynthesis reductions were attributed to a lower leaf area caused 
by a decline in tiller numbers and reduced production and expansion of leaves, and subsequently, the 
radiation intercepted fell to 80%. Barker et al. (1985) found herbage yield of water-stressed ryegrass 
was only 8% of the yield from irrigated treatments caused by reduced tiller density and leaf extension 
and appearance rates. A perennial ryegrass experiment by Akmal and Janssens (2004) identified 
insufficient water supply for ryegrass dry matter production was more critical than insufficient nitrogen 
supply. This conflicts with the findings of Black and Murdoch (2013) and Mills et al. (2006), who found 
nitrogen to be the principal limiting factor (Section 2.3.2.4). However, low yields that seem to be a 
consequence of water stress may actually be in response to a shortage of nitrogen in the soil layers, 
from which an unirrigated canopy draws its water (Garwood & Williams, 1967; Robson & Parsons, 
1978). 
Results of studies undertaken within Canterbury have yielded similar results. Once soil moisture falls 
below the critical limiting deficit, dryland cocksfoot pasture production was found to reduce on 
average by 1.45%/mm (Mills et al., 2006). Above the critical deficit no reduction in yield occurred. For 
a period of 2 years from October 2003 to October 20005 this led to an average yield loss of ~28% for a 
dryland cocksfoot pasture compared with irrigated treatments. Black and Murdoch (2013) also found 
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ryegrass yield to be reduced by 25%, on average, under a dryland scenario, while Martin et al. (2006) 
reported dryland yield reductions of up to 47% compared with an irrigated pasture. 
The effects of the canopy response to water stress on water use, and therefore evapotranspiration, 
have been reported throughout the literature. Black and Murdoch (2013) reported no differences in 
the water use efficiency (WUE), defined as the ratio of plant herbage mass to the total amount of water 
used (i.e. AET), between irrigated and dryland ryegrass treatments, with annual WUE of 22-24 kg 
DM/ha/mm. While the irrigated treatments used more water, they also yielded more herbage. In 
contrast, Martin et al. (2006) identified WUE to increase with decreased water application, and that 
WUE was maximal with no irrigation applied. However, this came at the cost of pasture productivity. 
Martin et al. (2006) therefore suggest a benchmark WUE for irrigated ryegrass in Canterbury of 20 kg 
DM/ha/mm. Earlier studies by Hayman and McBride (1984) and Rickard and McBride (1986) found 
much lower efficiencies for irrigated pasture in Canterbury of between 11-12 kg DM/ha/mm based on 
irrigating at 20-50% of the available soil moisture. However, in each of these studies, the WUE was 
based on the amount of water applied rather than used through evapotranspiration, and therefore did 
not account for water lost through drainage. Due to complexities in measuring AET (Section 2.2.2.1), 
climate-based estimates of PET (i.e. PETo) are often used instead (Martin et al., 2006). In this study, 
WUE is defined as the slope of the regression of ryegrass herbage production against measured AET, 
which accounts for drainage losses. 
2.3.2.3 Influence of temperature 
The effect of temperature is to regulate plant processes that control the plant’s growth and water use. 
For example, temperature influences the rate of photorespiration, which in turn impacts on the rate 
of photosynthesis (White & Snow, 2012). At temperatures above the optimum for growth of C3 species 
such as ryegrass, as photorespiration increases, photosynthesis decreases. Mitchell and Lucanus 
(1962) reported an optimum temperature range of 19-20°C for ryegrass pastures in New Zealand 
compared with 15-22°C by Oizumi H. et al. (1974) for cocksfoot pastures and a value of 30°C by 
Thornley (1998) for pastures in general. However, maximum values of no more than 23-25°C are 
typical. Peri et al. (2002b) identified that, for a cocksfoot pasture, increases in Pm (the light-saturated 
photosynthetic rate) of 1.6 µmol CO2/m2/s/°C occur from 10-19°C. The optimum temperature range is 
19-23°C, above which the photosynthetic rate declines by 0.077 units per °C from 23-31°C, which is 
attributed to increased photorespiration and maintenance respiration with temperature. An optimum 
leaf area index of 5.0 was also found to decline to 2.3 with air temperature changes from 10-31°C (Peri 
et al., 2002b). Peri et al. (2002a) therefore suggested that when temperatures exceed 22°C, grazing 
rotation lengths should be shorter to maximise photosynthesis and avoid production losses. 
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Thermal time (Tt) 
Because of the influence of temperature on growth, temperature is often used as the basis for the 
prediction of crop (i.e. pasture) production (McKenzie et al., 1999), for example, through thermal time 
accumulation. Thermal time refers to the cumulative temperature above a base temperature (Tb), 
below which no growth occurs. In its simplest form, the method for thermal time accumulation is given 
as Equation 2.3 (Moot et al., 2000). 
Tt (°Cd) = (Tmx − Tmn)/2 − Tb  2.3 
Here, Tmx and Tmn are the maximum and minimum daily air temperatures. When Tmn falls below Tb a 
sinusoidal function can be used to fit 8x3 hourly fractions of a day, excluding periods when Tmn is less 
than Tb (Jones & Kiniry, 1986). Moot et al. (2000) identified Tb values for development of different 
temperate pasture species to range between 0°C and 5°C. Tonmukayakul (2009) found a Tb of 0°C was 
appropriate for growth of different pasture species in Canterbury, but compared temperatures 
between 0°C and 8°C, while Mills (2007) identified a Tb of 3°C for cocksfoot pasture growth in 
Canterbury. Below this range photosynthesis and pasture development will cease while higher Tb 
values result in shorter thermal time requirements (Lu & Man, 2010; Moot et al., 2000). 
Tonmukayakul (2009) found that Tt herbage accumulation of a dryland ryegrass/white clover pasture 
averaged 4.1 kg DM/ha/°Cd in spring but reduced to 0.9 kg DM/ha/°Cd in the summer due to water 
limiting conditions, and 0.5 kg DM/ha/°Cd during the autumn/winter. However, nitrogen deficiency 
was found to have restricted ryegrass growth during the study. Comparatively, Mills (2007) reported 
Tt growth rates of up to 7.2 kg DM/ha/°Cd for cocksfoot pasture in Canterbury under fully irrigated 
and nitrogen-fertilised conditions.  
2.3.2.4 Influence of nitrogen 
Nitrogen (N) is essential to plants, forming a fundamental component of the chlorophyll molecule, 
which is responsible for photosynthesis (McLaren & Cameron, 1996). Nitrogen has also been identified 
as the principal limiting factor to pasture production (Black & Murdoch, 2013; Mills et al., 2006; Robson 
& Parsons, 1978). Nitrogen increases photosynthetic efficiency and allows higher rates of 
photosynthesis and subsequently more herbage production per unit of water used compared with a 
pasture with a low N status (Moot et al., 2008). For example, Robson and Parsons (1978) reported 
nitrogen to increase canopy net and gross photosynthesis of a ryegrass pasture by up to 50-75% at 
light intensities of up to 450 W/m2, due to the reduced ability of nitrogen-deficient leaves to make use 
of intercepted light (Robson & Deacon, 1978). Similarly, Woledge and Pearse (1985) found nitrogen to 
increase the photosynthetic capacity of ryegrass pastures, whereby the net photosynthesis per unit 
area of leaves from fertilized swards was 50% greater than that of the unfertilized swards and 
increased linearly by a slope of 2.38 mg C02/dm2/h per 1 mg N/dm2 at 250 W/m2. Peri et al. (2002b) 
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Mills et al. (2009) found that where water was not limiting, actual water used from the profile of a 
nitrogen-deficient cocksfoot pasture followed the same temporal and spatial pattern as a fully 
nitrogen-fertilised pasture. However, the WUE was reduced from 33.5 kg DM/ha/mm to 15.5 kg 
DM/ha/mm due to pasture production being more than halved. Similar results have been reported by 
Black and Murdoch (2013) for a ryegrass/white clover pasture, whereby WUE was up to 28 kg 
DM/ha/mm for an irrigated, fully nitrogen-fertilised pasture compared with 20 kg DM/ha/mm for an 
irrigated, nitrogen-deficient pasture. McKenzie et al. (2006) reported that for an irrigated perennial 
ryegrass pasture, the highest WUE was achieved with applications of 75 to 100 kg N/ha every grazing 
or 150 to 200 kg N/ha every second grazing, from which WUE increased by 40-69% compared with a 
nitrogen-limited pasture.  
Nitrogen nutrition index (NNI) 
A nitrogen nutrition index (NNI) can be used to describe the extent of N deficiency in pastures. The 
NNI is the ratio of the measured nitrogen concentration (Nact) to the optimum nitrogen concentration 
(Nopt), being the nitrogen concentration the pasture sward requires to sustain non-limiting growth and 
biomass accumulation (Lemaire et al., 1989). The NNI enables a decrease in the N concentration of the 
pasture (N%) as yield accumulates, identified as tissue N dilution by Marino et al. (2004). 
Equations used in the determination of Nopt and NNI, as given by Lemaire et al. (1989) and Mills et al. 
(2009) are as follows: 
Nopt(%) =  4.8 × DM
−0.32 2.4 
NNI =  Nact/Nopt 2.5 
According to Farruggia et al. (2004) an NNI of <0.8 is indicative of nitrogen-limited conditions, which 
leads to reduced sward growth.   
Marino et al. (2004) reported a reduction in the NNI for annual ryegrass grown from August-October 
from ~1.5 to 0.5 with the application of 250 and 0 kg N/ha, respectively, with a 60-65% reduction in 
herbage accumulation. Similarly, Mills et al. (2009) found the accumulated herbage yield of irrigated 
cocksfoot pasture with an NNI of ~0.3-0.7 was less than half that of an irrigated cocksfoot pasture with 
an NNI above 0.8.  
Light interception and leaf area  
Photosynthesis and biomass production are dependent on light or photosynthetically active radiation 
(PAR) interception, which in turn is controlled by the leaf area of the canopy. According to Akmal and 
Janssens (2004), tiller and leaf numbers of pastures are the major contributor to herbage production. 
As discussed, the leaf area can be controlled by the canopy according to the supply of nitrogen to 
maximise the use of intercepted light (Grindlay, 1997). The effect of nitrogen on leaf extension was 
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described by O'Brien (2010). Leaf elongation rates of perennial ryegrass pasture per tiller (LER/tiller) 
were found to be up to 28% higher when 100 kg N/ha was applied (1.00 mm/°Cd) compared with no 
nitrogen (0.78 mm/°Cd).  Similarly, Akmal and Janssens (2004) reported increases of 13.6% and 13.2% 
in perennial ryegrass tiller and leaf numbers, respectively, when nitrogen was introduced, which 
ultimately led to a positive response between nitrogen and the leaf area. 
The leaf area is often presented in the form of the leaf area index (LAI) which is defined as the unit 
area of leaf per unit area of ground below it, expressed as m2 leaf area per m2 ground area (Allen et 
al., 1998). Following defoliation of a canopy, the leaf area index is low (0.1-3.0) (Korte et al., 1982, 
1984), but increases, in response to nitrogen availability, and will reach a critical LAI once canopy 
closure (i.e. 95% ground cover) is achieved (Brougham, 1958; Pearce et al., 1965). The LAI of pasture  
at full ground cover typically ranges between 3-5 (Allen et al., 1998). Brougham (1958) and 
Shuttleworth and Wallace (1985) suggest at an LAI of 4-5 the light interception will be 95%. Bircham 
and Hodgson (1983), however, identify that for a perennial ryegrass-based sward under grazing 
influences, the critical LAI is 2.3-4.7. This compares with the LAI of three found to represent the LAI of 
ryegrass at canopy closure (Akmal & Janssens, 2004). Once the critical LAI of a canopy is reached, 
maximum transpiration and photosynthesis occur (Brougham, 1958; Pearce et al., 1965).  
Both destructive (Villalobos & Fereres, 1990) and non-destructive methods exist for determining LAI 
and light interception (Jonckheere et al., 2004). Non-destructive canopy measurements of pastoral 
type systems are difficult as, due to their low plant area, clumping effects, sky conditions, and soil 
albedo can significantly affect estimates of PAR (Jonckheere et al., 2004; Nouvellon et al., 2000). 
Destructive measurements of leaf area are therefore commonly used to calibrate, and overcome 
inaccuracies associated with non-destructive measurements (Mills, 2007). For this study, both non-
destructive and destructive measurements of LAI were used. 
The relationship of canopy LAI to evapotranspiration has been discussed in the literature, although no 
literature was found in regards to pasture. Figure 2.4 illustrates the general relationship of LAI to crop 
coefficients (Kc) (Section 2.4.1), based on measured lysimeter data for snap beans (Phaseolus vulgaris 
L.) (Wright, 1982). Essentially, as the canopy developed and the LAI increased, so too did transpiration, 
and therefore Kc. As the canopy reached maturity, senescence led to a lower Kc. Figure 2.4 also 
illustrates the effect of evaporation from the soil. In the early stages of canopy growth, when the soil 
was wetted, evaporation increased Kc. As the canopy developed, rainfall and irrigation events still led 
to increases in Kc, although to a lesser extent as canopy transpiration increased. Similarly, Villalobos 
and Fereres (1990) compared evaporation and transpiration versus LAI for maize (Zea mays L.), cotton 
(Gossypium hirsutum L.), and sunflower (Helianthus annuus L.) canopies and found significant 
interactions. At low LAI values, evaporation was the dominant process. For example, at an LAI of ~1.5, 
approximately half of the water loss was due to evaporation, while above 1.5 transpiration dominated.   
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active leafy growth compared with a laxly grazed pasture (LAI of 0.9-3), which had more dead and stem 
material. Similarly, when the pasture was grazed during early stem elongation a higher proportion of 
leaf accumulated than stem compared with grazing after 30% inflorescence emergence. Brougham 
(1956) also found that harder grazing led to a higher proportion of leafy growth but that 95% canopy 
cover was only achieved after 24 days compared with 12-16 days under a more lax grazing regime. 
Accordingly, when defoliated to a lower LAI it takes longer for the canopy to regain full photosynthetic 
capacity, and re-growth can be supressed if the pasture is grazed too early, i.e. before the two-leaf 
stage (Fulkerson & Donaghy, 2001).  
When related to pasture height, Fulkerson and Donaghy (2001) identify defoliation to ~50 mm will 
optimise ryegrass growth and persistence. Harsher defoliation practices will remove necessary WSC, 
which the pasture relies on to grow new shoots and regain photosynthetic capacity. Accordingly, 
severe defoliation reduces the regrowth and persistence of the pasture. More lax defoliation practices 
increase leaf senescence and reduce tillering rates, which ultimately lead to reduced herbage yields. 
In terms of the residual biomass, perennial ryegrass/white clover pastures in New Zealand are typically 
grazed to a residual of 800–1600 kg DM/ha to maintain pasture quality and encourage rapid canopy 
closure (Snow & White, 2013).  
Potential evapotranspiration models include assumptions regarding the pasture, including full canopy 
closure, that it is of a uniform (clipped) height, well-watered, and well-fertilised (Section 2.4.2). 
However, these do not reflect the changes that occur under a grazed scenario, whereby the pasture 
height is regularly defoliated to below full canopy cover, and grazing does not occur evenly (Weeda, 
1967). 
2.3.2.6 Pasture growth modelling 
There are a number of existing models used in the simulation of pasture growth, including DairyMod 
and EcoMod (Johnson et al., 2008), GrassGro (Clark et al., 2000), SGS (Sustainable Grazing Systems) 
(Johnson et al., 2003) and APSIM (Agricultural Production Systems Simulator) (Keating et al., 2003). 
Both APSIM (Brown et al., 2010; Li et al., 2011; Moot et al., 2014; Snow & White, 2013; White & Snow, 
2012) and DairyMod (Chapman et al., 2009; Cichota et al., 2008; Cullen et al., 2008; White et al., 2008) 
have been widely tested within New Zealand. However, DairyMod has been developed as a multi-
paddock, biophysical simulation model specifically for dairy systems with a well developed pasture 
module, that encompasses the whole soil-plant-water system and is well published in New Zealand. 
Accordingly, DairyMod has been used in this research to simulate pasture growth and soil water flow 
processes (Section 2.3.3.4). Furthermore, the pasture model within APSIM (AgPasture) is an adaption 
of the pasture model from EcoMod and DairyMod (White & Snow, 2012). 
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DairyMod 
DairyMod (version 5.3.13) is a biophysical pasture simulation model and includes modules for pasture 
growth and utilisation by grazing animals, animal physiology including animal production, water and 
nutrient dynamics, as well as a range of options for pasture management, irrigation and fertilizer 
application (Johnson et al., 2008). The underlying processes within DairyMod have a common 
underlying structure to those in the EcoMod and the SGS pasture models. However, the models have 
differing livestock and management systems customised for different industries (i.e. DairyMod for 
dairy, SGS for sheep and beef and EcoMod for dairy, sheep, beef and deer systems). Within DairyMod, 
both mechanistic and empirical relationships are used (Johnson, 2013a). 
General 
The pasture growth module includes calculations of light interception and photosynthesis, growth and 
maintenance respiration, nutrient uptake and nitrogen fixation, partitioning of new growth into the 
various plant parts, development, tissue turnover and senescence, and the influence of atmospheric 
CO2 on growth (Johnson, 2013a). The model allows up to five pasture species in any simulation, which 
can be annual or perennial, C3 or C4, as well as legumes, for each of which default parameter settings 
are given.  
In general, pasture growth is calculated firstly by determining the daily transpiration rate and the effect 
of water stress (Johnson, 2013a). Daily photosynthesis is then calculated in response to light, 
temperature, atmospheric CO2 concentration, canopy architecture, available water, and leaf nitrogen 
status. Potential nutrient uptake is described in relation to root distribution and soil nutrient status 
and the plant mass flux is calculated, incorporating tissue turnover, senescence, shoot and root 
growth. 
Photosynthesis 
A detailed analysis of the canopy photosynthesis model component is given by Johnson et al. (2010). 
Daily photosynthesis is calculated according to a number of steps. To summarise, the instantaneous 
rate of leaf gross photosynthesis is defined in response to photosynthetic photon flux (PPF), the mean 
daily temperature, atmospheric CO2 and leaf N, followed by light interception and attenuation through 
the canopy, which includes direct and diffuse PPF components. These are integrated through the 
canopy to get canopy instantaneous gross photosynthesis and through the day to get daily canopy 
gross photosynthesis. Growth and maintenance respiration are then calculated and combined with the 
gross photosynthesis to get daily net photosynthesis. This represents the net carbon assimilation by 
the canopy (Johnson, 2013a).   
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Calculations of the daily photosynthetic rate are central to DairyMod as this provides the carbon source 
for the whole system. The source of energy for photosynthesis is the visible component of solar 
radiation, expressed as PAR or PPF. 
The influence of temperature, CO2 and nitrogen level on leaf gross photosynthesis (Pℓ) (Equation 2.6) 
is dominated by the effect on the parameter Pm (Equation 2.7), being the rate of single leaf gross 
photosynthesis at saturating PPF. Pm increases from zero as the temperature increases from a specified 
minimum (Johnson et al., 2010). At some point Pm reaches an optimum temperature after which there 
is no further increase in Pm. The optimum temperature increases due to a fall in respiration, but as 
temperature continues to rise, Pm declines for C3 species, also due to an increase in photorespiration. 
Increases in Pm occur in response to increases in protein concentration, or increases in the nitrogen 
content of the pasture. Protein concentration is used by the model instead of leaf nitrogen, as leaf N 
is often expressed as N per unit leaf area or N per unit plant mass, and is related to protein 
concentration through the specific leaf area (leaf mass per unit area) (Johnson et al., 2010).  The 
equations for Pℓ and Pm are as follows: 
Pℓ =
1
2𝜉
[𝛼Iℓ + Pm − {(𝛼Iℓ + Pm)
2 − 4𝜉𝛼IℓPm}
1/2]   2.6 
Pm = Pm,ref 𝑓C(C)𝑓Pm,TC(T, C)𝑓Pm,N(𝑓N)    2.7 
where α is the photosynthetic efficiency, ℓ defines the cumulative leaf area index through the depth 
of the canopy, ξ is a (constant) curvature parameter , Iℓ is the total PPF incident on leaves within the 
canopy (µmol photons/m2/s), Pm,ref is a reference value for Pm (16 µmol/mol/m2 leaf for C3 species), 
and is the value of Pm at the reference temperature of 20°C, fc(C) is a C02 response function, C is the 
actual atmospheric C02 concentration, T is the mean daily temperature (°C), fPm,TC is a combined 
response to temperature and C02, fPm,N is the response to protein concentration as related to nitrogen 
(N), fN kg N/kg C.  
The temperature response of Pm is defined in terms of the minimum (Tmn), optimum (Topt) and 
maximum (Tmx) temperatures, as follows: 
𝑓T(T) = {
0,                                             T < Tmn
(
T−Tmn
Tref−Tmn
)
q
(
(1+q)Topt−Tmn−qT
(1+q)Topt−Tmn−qTref
) ,
0,                                            T > Tmx
   Tmn < T < Tmx   2.8 
where q is a curvature parameter with a default value of 2 for perennial ryegrass and Tref is a reference 
temperature so that: 
𝑓T(Tref) = 1      2.9 
and Tmx is given by: 
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Tmx =
(1+q)Topt−Tmn
q
     2.10 
Accordingly, the function takes its maximum value at Topt and is zero outside of the range Tmn to Tmx. 
The optimum temperature for photosynthesis is seen to increase in response to atmospheric CO2 
concentration and so the combined T and C function and function fPm,TC (T,C), uses Equation 2.8, but 
with Topt defined: 
Topt,Pm = Topt,Pm,amb + γPm[𝑓C(C) − 1]    2.11 
where γPm has a default value of 10°C. Default values are given for C3 species for Tref (20°C), Tmn (3°C) 
and Topt (23°C). 
Photosynthetic efficiency (α) also depends on temperature, CO2 and N, as follows: 
𝛼 = 𝛼amb,15 𝑓𝛼,C(C)𝑓𝛼,TC(T, C)𝑓𝛼,N(𝑓N)    2.12 
where αamb,15 mol C02/mol photons is the value of α at ambient C02 concentration and 15°C, with a 
default value of 50 mmol C02/mol photons, fα,C represents the direct influence of C on α and fα,TC defines 
the temperature response on α and the influence of C, and fα,N(fN) defines the protein response for α. 
The rate of instantaneous gross canopy photosynthesis (Pg µmol C02/m2 ground/s) is calculated by 
summing the leaf photosynthetic rate over all leaves in the canopy, as follows, where LAI is the total 
canopy leaf area index: 
Pg = ∫ Pℓ
LAI
0
(Iℓ)dℓ     2.13 
Daily canopy gross photosynthesis is given by the integral of Pg throughout the day. 
Daily canopy maintenance respiration (Rm,day), primarily related to the resynthesis of degraded 
proteins, is strongly temperature dependent. Growth respiration (Rg) assumes that one unit of 
substrate that is utilised for growth results in Y units (kg) of structural material and (1-Y) units (kg) of 
respiration, where Y is the growth efficiency. Maintenance and growth respiration are represented in 
the model as follows: 
Rm,day = mref 𝑓m(T)
𝑓N
𝑓N,ref
W     2.14 
Rg =
1−Y
Y
g      2.15 
Where mref is the maintenance coefficient at the reference temperature and N content with a default 
value of 0.025/d, fm(T) is a maintenance temperature response function, W is shoot mass (kg C/m2), fN 
the canopy N concentration (kg N/kg C), fN,ref the reference N concentration, and g is growth (kg 
C/m2/d). 
The daily canopy gross photosynthesis and respiration are combined in the model to give the daily 
carbon fixation, or net growth rate (G) where RN is the respiratory cost of N acquisition, as: 
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G = Pg,day − Rg − Rm − RN    2.16 
Temperature stress parameters have been included in DairyMod to manage maximum and minimum 
daily temperature extremes on photosynthesis, for example, where winter daytime temperatures may 
be suitable for growth but low night temperatures may prevent growth occurring (Johnson et al., 
2008). Temperature stress has been separated into high and low temperature stress functions, each 
of which include an initial or minimum stress (Tmn,high Tmn,low), a maximum stress (Tmx,high, Tmx,low) and a 
critical temperature sum for recovery from high and low temperature stress (Tsum,high, Tsum,low). The 
initial stress represents the temperatures above or below which high and low temperature stress will 
occur, and the maximum stress the temperatures above or below which temperature stress is 
maximal, respectively. For example, if on day i, Tmn<Tmn,high, then the temperature stress coefficient is 
calculated as: 
𝜉T,low,i = {
Tmn−Tmn,low
Tmn,high−Tmn,low
, Tmn > Tmn,low
0,                            Tmn ≤ Tmn,low
        2.17 
and ranges between zero and one from Tmn,low to Tmn,high. Conversely, if Tmn≥Tmn,high, then  
𝜉T,low,i =
Tmean  
Tsum,low
        2.18 
It is important to note that the treatment of low and high temperature stresses on photosynthesis is 
completely empirical, although it is considered to capture the influence of temperature extremes and 
subsequent recovery (Johnson, 2013a). 
Default values are given for C3 species for Tmn,low (0°C), Tmn,high (5°C), Tsum,low (100°C), Tmx,low (30°C), Tmx,high 
(35°C) and Tsum,high (100°C). However, by default, low and high temperature stress functions are not 
implemented for C3 plants within the model. 
Transpiration, water stress and evaporation 
The potential transpiration rate (Tpot) is calculated within DairyMod assuming full ground cover 
according to the Penman-Monteith equation (Section 2.4.2.1). The actual transpiration demand 
(Tdemand) is calculated according to the live ground cover (fg), where fg is determined as the proportion 
of solar radiation that is intercepted, using the canopy extinction coefficient and leaf area as follows: 
Tdemand = 𝑓g × Tpot 2.19 
The soil water status is used to determine the actual transpiration from the actual transpiration 
demand, using a model similar to that of Feddes et al. (1978) (Section 2.3.3.4). A growth limiting factor 
‘gwater’ is defined in relation to the available soil water as a function of wilting point (θwp), the critical 
capacity (θL), field capacity (θFC) and the saturated soil water content (θs). If gwater is one then there are 
no growth limitations, and at zero there is total limitation. θL represents the point, below which 
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transpiration is reduced, and is therefore referred to as the transpiration stress function. As illustrated 
in Figure 2.5, below θwp plants cannot abstract water, between θwp and θL, gwater increases from 0-1, as 
was also illustrated by Figure 2.2. Between the θFC and θs, gwater may again decline due to water logging 
effects. Where there is no limitation to water uptake from any layer, then transpiration is determined 
according to the relative root distribution. Compensated water uptake for water limitations in dry 
layers by others that have abundant water is accounted for within the model by running the 
transpiration functions three times, or until the demand is satisfied.  
 
Figure 2.5 Schematic representation of the influence of limiting soil water content on 
transpiration. Redrawn from Johnson (2013a). ‘gwater’ is the growth limiting factor, θwp, 
θL, θFC and θs are the soil water contents at the wilting point, the recharge point, field 
capacity and saturation. 
 
The potential evaporation (Epot) of water sitting on the leaves, litter or soil is addressed in a similar way 
as transpiration (i.e. using the Penman-Monteith equation (Section 2.4.2.1)), except that the resistance 
to water flow through the leaf stomata is removed, and therefore is comparable to the method 
employed by  Ritchie (1972). 
Evaporation from the canopy can only occur if there is any freestanding water on the canopy, and any 
water, if available, will evaporate at the potential rate. Similarly, if there is any water held in the litter 
then it too is available for evaporation. However, the evaporative demand is attenuated in relation to 
canopy cover. 
Soil evaporation, being the flux of water from the soil to the atmosphere, occurs in response to the 
evaporative demand, ground cover and soil water content. The potential to evaporate from the soil 
declines with soil depth. The actual water available for evaporation in each soil layer (Hevap,ℓ) and the 
potential soil evaporation (Epot,soil) are determined as follows: 
𝐻𝑒𝑣𝑎𝑝,ℓ = 𝜇ℓ(𝜃ℓ − 𝜃FC,ℓ)𝛿𝑧ℓ 2.20 
𝐸𝑝𝑜𝑡,𝑠𝑜𝑖𝑙 = (1 − 𝑓g)(1 − 𝑓g,litter)Epot 2.21 
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where ℓ is the soil layer, µℓ the function describing the potential to evaporate based on depth, θ the 
actual volumetric water content, θFC the volumetric water content at field capacity, δzℓ the layer 
thickness (m) and fg,litter is the ground cover due to the presence of litter. In the model, the first four 
soil layers (from the surface) are set at 50 mm each, and then subsequent layers are 100 mm.  
The model works through the soil layers, starting at the top and removes water from each according 
to Equation 2.20 and up to the limit given by Equation 2.21. 
Soil water infiltration  
The water module accounts for rainfall and irrigation inputs that can be intercepted by the canopy, 
surface litter or soil. The required hydraulic soil parameters are saturated hydraulic conductivity (Ksat), 
bulk density, field capacity or drained upper limit, wilting point and air-dry water content.  
DairyMod employs a capacitance model to simulate water flow q (Johnson et al., 2008), as given by:  
q = Ksat(
𝜃
𝜃s
)𝜎 2.22 
σ =
ln (qFC/Ksat)
ln (𝜃FC/𝜃s)
 2.23 
where σ is a flux coefficient, θFC and θS are the volumetric water contents at field capacity and 
saturation, and qFC the flow rate at field capacity, assumed within DairyMod to be 0.1 mm/d. Using this 
approach, only water in excess of the drainage point can move, and all movement is downwards. The 
flux decreases as the available water for movement declines, as controlled by σ, which in turn is derived 
from the water holding capacity of the soil. The method is applied by dividing the soil into layers, the 
number and thicknesses for which are determined by the model. A sub-daily time-step is then 
calculated by the model, preventing water movement from a given layer exceeding that which is 
available.  
Accordingly, this approach compares with a tipping-bucket model approach (Section 2.3.3.4), but 
includes the use of hydraulic conductivity and finely separates the soil profile into a number of layers 
(Johnson et al., 2008).  
Irrigation Scheduling 
The irrigation options within the model allow the user to select from a range of irrigation managements 
or rules. The rules allow irrigation to be applied in response to plant water status, soil water deficit, 
rainfall deficit (difference between accumulated potential evapotranspiration and rainfall), as well as 
regular intervals or specified dates. For each strategy, the amount of water, or target soil water content 
can be prescribed, as well as rules for the timing of irrigation within the day and throughout the year 
(Johnson et al., 2008).  
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Model performance 
Cullen et al. (2008) tested the ability of DairyMod to simulate net herbage accumulation rates of 
ryegrass-based pastures in Australia and New Zealand. For the simulations, Cullen et al. (2008) 
adjusted the minimum and optimum Pm default values for perennial ryegrass from 3 and 23°C to 5 and 
20°C for dryland, winter-dormant pastures and to 3.5 and 20°C for irrigated and dryland winter-active 
pastures (Table 2.1). The high and low extreme temperature responses were activated for the winter-
dormant ryegrass, as were the high-temperature responses for the dryland winter-active pastures. The 
Pm temperature adjustments were tested against cut trial datasets using a ‘trial and error’ approach 
and showed the best fit applied to other datasets without further adjustment. Inactivating the extreme 
high-temperature responses when the pasture was irrigated was to moderate the high-temperature 
growth restriction under irrigated conditions. Overall, close agreement was achieved between the 
observed and simulated data with herbage mass differences of 0.4-30.3% for ryegrass-based pastures 
under varying environmental and management conditions. For fertilised plots (with or without 
irrigation), simulated yields were between 0.4-15.9% of those measured, while differences of up to 
30.3% were predicted for unfertilised pastures. The effect of adjusting the temperature responses was 
highlighted in a comparison between the winter-dormant and winter-active pastures, whereby the net 
yield accumulation of the winter-active pastures was 20% higher annually due to the reduced 
temperature growth restrictions. Some limitations in the model were, however, highlighted by Cullen 
et al. (2008). Firstly, the model did not incorporate plant phenological development, so does not 
explicitly simulate the physiological changes that occur with reproductive development, including 
accelerated growth rate and increased proportion of stem material. This may be of particular 
significance to modelled spring herbage accumulation. Secondly, the model did not simulate perennial 
ryegrass plant persistence so declining plant densities and associated reductions in pasture growth 
rate cannot be captured. However, it was highlighted that this is of more relevance to sub-tropical 
environments rather than the temperate Canterbury climate. Lastly, no account is given within 
DairyMod to plant carbohydrate reserves, which may lead to discrepancies between modelled and 
observed data. 
White et al. (2008) used EcoMod, which uses the same pasture growth module as DairyMod, to test 
how well the model simulated the changes in growth rate and plant composition of dryland and 
irrigated pasture production in a temperate climate through comparison with a long-term (1966–2003) 
data set measured in New Zealand. In general, close agreement was achieved between the measured 
and modelled total annual and monthly growth rates. This was particularly so following modifications 
to some of the parameters of plant growth to more accurately represent the characteristics of 
dominant species present under dryland and irrigated pastures. For example, where nitrogen was non-
limiting, annual yields were able to be predicted within 3 and 2.5% of those measured under dryland 
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time it takes for it to dry out. Lighter soils, which are characterised by a higher (≥50%) sand component 
(e.g. sandy loam) have a tendency to dry out faster than heavier soils (≥35% clay), reducing the amount 
of water available to the plant (Allen et al., 1998; McLaren & Cameron, 1996; Webb & Lilburne, 2011). 
Across the Canterbury Plains, soil types vary from shallow and light to deep and heavy. Across the 
experiment sites, soil types vary from a deep (>1m) Wakanui silt loam (Udic Ustochrept (U.S.D.A., 
1984)) with a total water holding capacity of 150-200 mm in the upper 500 mm soil profile (Webb, 
1995; Webb et al., 2000) to a shallow Darnley silt loam (Inceptic Hapludalf (U.S.D.A., 1984)) with a 
water holding capacity of ~145 mm in the upper 500 mm soil profile (Dr Sam Carrick, pers. comm., 23 
May 2012).  
In addition to influencing the amount of water available to the plant, soils characterised by larger 
storage capacities are able to make more effective use of water inputs of rainfall (and irrigation) and 
therefore minimise potential drainage losses. 
Drainage is a key input to the water balance equation (Equation 2.1), and where all other variables are 
known, drainage can be estimated. Previous lysimeter studies in Canterbury have identified annual 
groundwater recharge under irrigation to be in the range of 25-52% (Thorpe & Scott, 1999; White et 
al., 2003). Other lysimeter studies across New Zealand also indicate groundwater recharge to be on 
average 35-54% of total inputs from rainfall and irrigation (Annett, 1949; Barkle et al., 1998). Under 
pastoral dryland managements at Winchmore, Canterbury, recharge has been reported to be 8-36% 
(Thorpe & Scott, 1999). 
Within the literature, an appreciation of drainage variability at a particular site or within a soil type due 
to spatial non-uniformity can be obtained. Wang et al. (2012), for example, presented drainage data 
from a lysimeter study for three soil types found within Canterbury and Southland, including a Lismore 
soil. Total average drainage, with error bars, was given for each site, from which coefficients of 
variation (CV) of 7-19% were estimated for each soil type. An average CV of 27% was determined from 
lysimeter drainage data presented by Close and Woods (1986) from a series of lysimeter sites across 
five North Canterbury soils. Much lower variability was observed by Barkle et al. (1998) and McLeod 
(Malcolm McLeod, Landcare Research, pers. comm., 09 Jul. 2013), which provide some indication of 
achievable CV values under some conditions. Barkle et al. (1998), for example, presented drainage 
data from three sets of three lysimeters containing undisturbed Te Kowhai soil monoliths (600 x 1200 
mm), growing ryegrass, for which CV values ranged between 0.3-2.8% for five years of data. Similarly, 
CV values of 2.79-3.47% were identified by McLeod (Malcolm McLeod, Landcare Research, pers. 
comm., 09 Jul. 2013) based on large (1000 mm diameter) lysimeters growing lucerne (Medicago sativa 
L.). 
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2.3.3.1 Water quality implications 
While this research is not water quality focused, excess drainage carries within it implications for 
freshwater quality, and therefore has been briefly covered. 
It is well documented throughout the literature that irrigation in excess of the soil water holding 
capacity can increase the potential for nutrient leaching losses to groundwater (Hu et al., 2010; 
Lilburne et al., 2010; Maharjan et al., 2014; Meisinger & Delgado, 2002; Moreno et al., 1996; Zemansky 
et al., 2006). Lilburne et al. (2010) reported increased nitrate-N leaching concentrations and volumes 
of nitrate leached with irrigation from extremely light to heavy soils across Canterbury. Accordingly, 
where irrigation is applied so as to minimise drainage, the potential for nitrate leaching is reduced.  
Inorganic forms of nitrogen (N) and phosphorus (P), primarily as nitrate-N and dissolved reactive 
phosphorus (DRP) have been identified as the greatest threat to freshwater quality, as they promote 
biological growth of periphyton and macrophytes to nuisance levels (Dymond et al., 2013).  
Within Canterbury, large areas of high-nitrate leaching have been identified, driven by mean annual 
rainfall and stocking density. Over the past 20 years, dairy cattle numbers have increased 10-fold which 
has led to a doubling of nitrate-N leaching losses from 10 000 to 20 000 t nitrate-N/y within the region 
(Dymond et al., 2013).  
2.3.3.2 Soil water infiltration 
The infiltration rate refers to the rate at which water can enter the soil surface, and therefore has 
implications for the rate at which the soil profile will recharge with water and the potential for the 
redistribution of water at the soil surface (Hillel, 1998; McLaren & Cameron, 1996). Where the 
application intensity of water to the soil surface is in excess of the infiltration rate, water will 
accumulate at the surface or flow over it. The non-uniformity of soils (both in texture and initial 
wetness) can lead to non-uniform infiltration and spatial redistribution of otherwise evenly applied 
water (Hillel, 1998). 
Surface redistribution of water and uneven wetting of the soil is common on Canterbury soils, often 
related to fine micro topographic variations and channelling of water by the pasture (Clothier & Heiler, 
1983; Kanchanasut & Scotter, 1982; Webb, 1989). Wallis et al. (1991) reported water repellency at 
field moisture conditions was the norm for a wide range of soils in Canterbury and across New Zealand, 
increasing the likelihood of run-off. Webb (1989) found that substantial redistribution of water can 
occur under relatively low intensity rainfall.  
Infiltration rates reported in the literature for soils included in the current research have been detailed. 
According to Hillel (1998), steady infiltration rates, which are approximately equal to the field 
saturated hydraulic conductivity of the surface soil, vary from <1 mm/h for clayey soils to >20mm/h 
for sandy soils. For loams and silty soils, the steady infiltration rate ranges from about 5-20 mm/h. 
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Similarly, the irrigation Code of Practice (INZ, 2007) recommends irrigation is applied at up to 10 mm/h 
on silt loam soils to minimise surface redistribution of water, although for shorter watering periods 
(i.e. 5-100 minutes), up to 40 mm/h may be appropriate. These values compare with the 20 mm/h 
infiltration rate from a ‘wet’ Templeton silt loam reported by Quin and Forsythe (1978). Jiang (2008) 
and Silva et al. (2000) measured steady infiltration rates of 1.06-2.74 and 0.30-0.90 mm/h under 0.4 
kPa and 0.5 kPa suction, respectively, and 0.72-27.4 mm/h under field saturated conditions (i.e. 0 kPa 
suction). The measured infiltration rates above 20 mm/h were considered to be reflective of higher 
macropore flow (Jiang, 2008). Jiang (2008) also reported initial infiltration into a dry Templeton soil, 
where the suction gradients were high, to be up to 250 mm/h. However, these were subject to rapid 
decline as the profile wetted. 
Powers (2012) reported saturated infiltration rates of Lismore soils to range from 54-243 mm/h. 
Findings from Jiang (2008) and Silva et al. (2000), however, indicated saturated infiltration rates are 
about an order of magnitude higher than those at 0.4-0.5 kPa suction. Transforming the saturated 
rates measured by Powers (2012) according to this measure gives steady infiltration rates of 5.4-24.3, 
in general agreement with the 5-20 mm/h suggested by Hillel (1998) for loams and silty soils, and with 
the 10 mm/h irrigation application rate recommended by Irrigation New Zealand (INZ, 2007). Stoker 
(1982) found preferential water movement through the soil occurred in Lismore soils when water was 
applied to a dry soil at rates of 8-600 mm/h. Visible ponding was observed for all rates, except when 
water was applied at 8 mm/hr. When irrigation was applied at 40 mm/h with a moving boom irrigator, 
ponding occurred initially although the water had soaked into the profile prior to the next pass of the 
boom. As the soil moisture increased, more permanent ponding occurred at the surface.  
Surface (initial and steady state) infiltration rates of water into Wakanui silt loam soils have been 
reported to differ within the Lincoln area depending on management practices. Hermawan (1990), for 
example, reported an initial infiltration rate of ~360 mm/h reducing to a steady state infiltration rate 
of 15.6 mm/h for a ryegrass under permanent pasture. Gibbs (1986) found infiltration rates to range 
between ~110 and 390 mm/h for a ploughed ryegrass pasture and 75 and 175 mm/h for a direct drilled 
ryegrass pasture over a two-year experiment period. Similarly Lance (1987) reported infiltration rates 
to vary under ryegrass-based pastures from 2.2-12 mm/h with heavy stocking, 26-220 with light 
stocking, 150-240 mm/h for a direct drilled ryegrass pasture and 170-420 mm/h for a ploughed 
ryegrass pasture. McLay (1989) reported decreasing rates of 10.2, 5.8 and 3.3 mm/h with increased 
irrigation water application. 
2.3.3.3 Soil moisture measurement 
Obtaining accurate measurements of the soil moisture is fundamental to research focused on 
quantifying evapotranspiration, whereby changes in soil moisture storage are a key input to the water 
balance equation (Equation 2.1). 
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Neutron probes provide an accurate, repeatable, non-destructive method of soil moisture 
measurement (Jensen, 1983). They contain a radioactive source of fast neutrons, and a detector of 
slow neutrons. Fast neutrons are emitted into the soil and undergo thermalisation. The concentration 
of the thermalised neutrons is directly proportional to the concentration of hydrogen in the soil, and 
therefore the volume of water (Hillel, 1998; Thomas, 1993). However, near surface measurements (i.e. 
0-200 mm) of soil moisture using neutron probes can be unreliable due to neutron escape through the 
soil surface, distorting the reading of returning slow neutrons (Hillel, 1998; Jensen, 1983). 
Furthermore, steep soil moisture gradients and rapid changes with time in the near-surface water 
content (i.e. to top 50-100 mm) can cause errors in the near-surface readings (Painter, 1976). Thus, to 
determine the volumetric water content of the upper 200 mm of the soil profile Time Domain 
Reflectometry (TDR) or Time Domain Transmission (TDT) sensors can be used. 
TDT and TDR sensors calculate the soil moisture content from the soil permittivity, determined from 
the travel time of an electromagnetic wave transmitted along a waveguide through the soil (Blonquist 
Jr et al., 2006). According to Blonquist Jr et al. (2005), TDT sensors are characterised by relatively high 
accuracy in their determination of soil permittivity, can rapidly take repeated measurements in-situ, 
and provide instantaneous measurements.  
Throughout the literature, the frequency of soil moisture measurements ranges from 7-10 days during 
the growing season, with readings taken every 100-150 mm through the profile (Mills et al., 2009; 
Moot et al., 2008; Scotter et al., 1979). In this study a combination of TDR and neutron probe methods 
were used to measure the volumetric soil water content. Measurements were taken every 100 mm at 
approximately weekly intervals over the growing season. 
2.3.3.4 Soil water flow modelling 
While understanding drainage of water from the soil, redistribution of water over the soil surface and 
soil moisture within the soil is fundamental to water balance closure (Equation 2.1), often 
measurement of these is not practical. In such situations, computer simulation models can be used.  
Many models have been developed and tested to simulate water flow processes, which vary in 
complexity, in their approach, and their application. Addiscott and Wagenet (1985) provide a summary 
of various modelling approaches; differentiating deterministic from stochastic models, mechanistic 
from functional models, and models with a research focus from those developed as a guide for 
improving the management of soil water. This distinction was also drawn on by Avogadro and Ragaini 
(1993) in their review of various flow models. 
In its simplest form, soil-water flow can be simulated using a tipping bucket model, which takes a 
deterministic, functional approach to soil water flow. These models are based on the underlying 
assumption that the soil root zone is like a bucket or container in which the water content fluctuates. 
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the HYDRUS simulations. Within the literature, however, nothing could be found evaluating the ability 
of DairyMod to accurately simulate soil water flow. 
HYDRUS 
HYDRUS, developed by the U.S. Salinity Laboratory, is a finite element model used to simulate water 
flow, heat movement and solute transport in one-dimensional, variably saturated media (Šimůnek et 
al., 2013).  
HYDRUS numerically solves for one-dimensional, uniform, unsaturated-saturated water flow using 
Richards’ equation (Equation 2.24), with the assumption that the air phase plays an insignificant role 
in the liquid flow process and that water flow due to thermal gradients can be neglected. 
𝜕𝜃
𝜕t
=
𝜕
𝜕x
[K (
𝜕h
𝜕x
+ 𝑐𝑜𝑠 𝛼)] − S 2.24 
where h is the pressure head (mm), θ the volumetric water content of the soil (mm3/mm3), t is time 
(d), x is the spatial coordinate (mm), S is the sink term (mm3/mm3/d), α is the angle between the 
direction of flow and the vertical axis (i.e. 0° for vertical flow and 90° for horizontal flow or 0° < α < 90° 
for inclined flow) and K is the unsaturated hydraulic conductivity function (mm/d) given by:  
K(h, x) = Ksat(x)Krel(h, x) 2.25 
where Krel is the relative hydraulic conductivity [-] and Ksat the saturated hydraulic conductivity (L/T). 
Root water uptake 
HYDRUS employs the Feddes et al. (1978) sink function (S) to determine the volume of water removed 
from a unit volume of soil per unit time due to plant water uptake. This function was expanded by Van 
Genuchten (1987) to include osmotic stress and accounts for non-uniform distribution of the potential 
water uptake rate over the root zone, as follows: 
S(h, h∅, x) =  𝛼(h, h∅, x) b(x) Tpot   2.26 
where h𝜙 is the osmotic head (mm). The root-water uptake water stress response function α(h) is a 
prescribed dimensionless function of the soil water pressure head (0 ≤ α ≤ 1), b(x) the normalised water 
uptake distribution function (mm−1), describing spatial variation of the potential extraction term over 
the root zone and Tpot the potential transpiration rate (mm/d). As illustrated in Figure 2.7, water uptake 
is assumed to be zero close to saturation (h1) and where h<h4 (the wilting point pressure head). Water 
uptake is considered optimal between pressure heads h2 and h3, whereas for pressure heads between 
h3 and h4 (or h1 and h2), water uptake decreases (or increases) linearly with h. Tpot is equal to the water 
uptake rate during periods of no water stress when α(h)=1. 
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Figure 2.7 Schematic of the plant water stress response function, α(h), as used by Feddes et al. 
(1978). Redrawn from Šimůnek et al. (2013). 
 
The ratio of actual to potential transpiration (Tact/Tpot) of the root uptake is defined by introduction of 
a water stress index (ω). For fully compensated root-water uptake, a critical value of the water stress 
index (ωc) was also introduced, which represents a threshold value above which root water uptake 
reduced in stressed parts of the root zone is fully compensated by increased uptake from other parts. 
Evaporation and transpiration 
Evaporation (E) is computed as a water flux going out of the soil system, limited either by an 
atmospherically determined potential evaporation (Epot), or by the rate of water that can be supplied 
to the soil surface (Kool et al., 2014; Šimůnek et al., 2013). Evaporation is defined as follows: 
E = −K
𝜕h
𝜕x
− K ≤ Epot      at   x = L    2.27 
and     hA ≤ h ≤ hs      at   x = L    2.28 
where h is the boundary pressure head, hA and hs are the minimum and maximum pressure head at 
the soil surface allowed under the prevailing soil conditions (L), respectively, x is the spatial 
coordinate (positive upwards) and L is the x-coordinate of the soil surface above a certain reference 
plane (depth of the soil profile, mm).  
The actual transpiration is limited either by potential transpiration (Tpot) or the rate at which water can 
be transported to a pre-defined root zone (Kool et al., 2014; Šimůnek et al., 2013). Transpiration is 
defined as a function of root water uptake as follows: 
Tact = ∫ S(h, h∅, x)dx = Tpot ∫ 𝛼(h, h∅, x) b(x) dxLRLR
   2.29 
where LR is rooting depth (m), S(h, h𝜙, x) is the sink term defined as the volume of water removed from 
a unit volume of soil per unit time due to plant water uptake and α(h, h𝜙, x) is the water stress response 
function from Equation 2.26. 
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Tpot and Epot can be either predefined by the user or the potential evapotranspiration can be input along 
with either the Leaf Area Index (LAI) or surface fraction covered by plants for the model to separate 
into Tpot and Epot. In the current study, potential daily evaporation and transpiration were separately 
estimated using the Shuttleworth-Wallace model (Section 2.4.2.4), which were then input directly to 
the model. 
The unsaturated soil hydraulic properties 
HYDRUS allows for the use of up to five varying analytical models for describing the unsaturated soil 
hydraulic properties, which comprise the van Genuchten (1980), Brooks and Corey (1966), and 
modifications of van Genuchten (1980) equations. The soil water retention, θ(h), and hydraulic 
conductivity, K(h), functions according to Brooks and Corey (1966) are given by: 
Se =
𝜃−𝜃r
𝜃s−𝜃r
= {
1, 0 ≥ 𝛹 > 𝛹e 
(
𝛹
𝛹e
)
−1/b
, 𝛹 ≤ 𝛹e
    2.30 
K = Ksat Se
2/n+𝐼+2     2.31 
Where Se is the effective saturation, θr and θs are the residual and saturated water contents 
(mm3/mm3), respectively, Ψe is the air entry water suction (kPa), n is a pore size distribution index and 
b is a fitting constant. The pore connectivity parameter l in the hydraulic conductivity function was 
estimated by Mualem (1976) to be about 0.5 on average for a wide range of soils. 
The soil-hydraulic functions of van Genuchten (1980), who used the statistical pore-size distribution 
model of Mualem (1976) to obtain a predictive equation for the unsaturated hydraulic conductivity 
function in terms of soil water retention parameters, are given by: 
𝜃(h) = [
𝜃r
𝜃s−𝜃r
 [1+(𝛼h)n]m 
      h < 0
𝜃s                                 h > 0
   2.32 
K(h) = KsatSe
𝐼 [1 − (1−Se
1/m
)m]
2
 2.33 
𝑚 = 1 − 1/𝑛,    𝑛 > 1  2.34 
Where Se, θr and θs, n and l are equal to the parameters used in the Brooks and Corey (1966) model,  
and α is the inverse of the air-entry value (1/cm). 
Where the soil hydraulic properties θr and θs, n, α, and l are unknown, they can be estimated using 
either Rosetta Lite, version 1.1 (Rosetta) (Schaap et al., 2001) or the RETC package (version 6.02) (van 
Genuchten et al., 1991). 
Rosetta, which has been coupled with HYDRUS, was independently developed by Marcel Schaap at the 
U.S. Salinity Laboratory (Schaap et al., 2001). Rosetta implements pedotransfer functions which predict 
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van Genuchten (1980) water retention parameters and the saturated hydraulic conductivity (Ksat) in a 
hierarchical manner from soil textural class information, the soil textural distribution, bulk density and 
one or two water retention points (Šimůnek et al., 2013).  
Alternatively, RETC provides several options for describing or predicting the hydraulic properties of 
unsaturated soils, including the soil water retention curve and hydraulic conductivity (van Genuchten 
et al., 1991). These hydraulic properties are key parameters in any quantitative description of water 
flow into and through the unsaturated zone of soils. The program uses the van Genuchten (1980) and 
Brooks and Corey (1966) models to represent the soil water retention curve, and the theoretical pore-
size distribution model of Mualem (1976) to predict the unsaturated hydraulic conductivity function 
from observed soil water retention data.  
Soil water storage 
The HYDRUS code performs water balance computations at prescribed times for preselected 
subregions of the flow domain (Šimůnek et al., 2013). The water balance information for each 
subregion consists of the actual volume of water, V, in that subregion, and the rate, O [L/T], of inflow 
or outflow to or from the subregion. The variables V and O are evaluated in HYDRUS by means of: 
V = ∑ ∆xie
𝜃i+𝜃i+1
2
     2.35 
O =
Vnew−Vold
∆t
      2.36 
where θi and θi+1 are water contents evaluated at the corner nodes of element e, Δxi is the size of the 
element, and Vnew and Vold are volumes of water in the subregion computed at the current and previous 
time levels, respectively. The summation in Equation 2.35 is taken over all elements, e, within the 
subregion. 
Irrigation scheduling 
HYDRUS allows irrigation to be triggered by the user through a user-specified pressure head at a 
prescribed depth or observation node, which once reached, irrigation is triggered. The user can specify 
a lag period between when the pressure head is reached and the time irrigation starts, and also the 
rate at which irrigation is applied and the duration for which it is applied (Šimůnek et al., 2013). One 
limitation of the scheduling component within HYDRUS-1D is the inability to set a minimum return 
interval. Another restriction is in regard to the trigger function, whereby irrigation is triggered based 
on the pressure head of a single point rather than the water content of the profile as a whole, or a set 
region. Consequently, an irrigation event may be triggered, but, if the movement of the water front 
through the profile is slow there will be a delay between when the irrigation is applied and when the 
water front reaches the observation node. Accordingly, the model has the potential to trigger another 
irrigation event, and therefore overwater the soil profile. 
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Model performance 
As HYDRUS is a widely used software package for modelling unsaturated flow, there are a large number 
of examples of its applications throughout the literature. 
Sansoulet et al. (2008), for example, used HYDRUS to simulate spatially distributed water fluxes in an 
Andisol soil under banana plants and found spatially distributed drainage fluxes were well reproduced. 
HYDRUS was used to simulate water flow and leaching of faecal coliforms and bromide through six 
undisturbed soil lysimeters under field conditions by Jiang et al. (2010). Both spray and flood irrigation 
practices were used. When the single-porosity flow model was applied, HYDRUS successfully simulated 
water flow under spray irrigation. For lysimeters under flood irrigation, however, a dual-porosity flow 
model had to be used to achieve agreement between predicted and observed water contents due to 
preferential flow paths becoming more significant. In the current research, all irrigation was via spray 
methods. Similarly, Close et al. (2003) found HYDRUS simulations of bromide and hexazinone 
concentrations in the groundwater gave a close fit to observed data from three monitoring wells 
following a large recharge pulse.  
Kargas and Kerkides (2011) used HYDRUS in the calculation of the moisture profiles in a horizontal 
infiltration experiment, but found the calculated profiles moved faster than the experimental ones. 
The explanation given for this was that the faster advancement of the HYDRUS-1D moisture profiles 
might have been due to a violation of Darcy’s law where there were high hydraulic gradients at the 
very early stages of the infiltration phenomenon. Kumar (2002) identified that the Richards equation 
applies only to stable flow, which has the potential to result in the under-estimation of the velocity 
and depth of water/solute transport. Examples of instability or flow not accounted for by the Richards 
equation include abrupt and gradual increases in the hydraulic conductivity with depth, air 
compression ahead of the wetting front, water repellency of the solid phase, and preferential flow 
through non-capillary macropores. 
 
2.4 Estimation of potential evapotranspiration 
Estimation of PET (PETc or PETo) is based on combination equations such as the empirical Penman-
Monteith equation, or other derivatives or simplifications of it.  
Numerous equations have been developed to estimate, with accuracy, PET using climatological data. 
Some of the developed methods include the use of crop coefficients or alternatively PET models such 
as the Penman-Monteith (PM) and FAO modified Penman-Monteith (PMFAO), French and Legg (FL) 
Priestley-Taylor (PT), Blaney-Criddle (BC), Thornthwaite (Th), Hargreaves (Hg), dual crop-coefficient 
(DCC) and Shuttleworth-Wallace (SWW) methods (Allen et al., 1998; French & Legg, 1979; Jensen, 
1973; Jensen et al., 1990; Shuttleworth & Wallace, 1985). Of these methods, the PM and PMFAO 
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optimum soil water conditions that achieves maximum production under the given climatic conditions. 
Further adjustments can be made where non-standard conditions occur, such as water stress, which 
have been detailed by Allen et al. (1998) and Equation 2.2.  
Crop coefficients are representative of the differences in crop height, albedo, canopy resistance, and 
soil evaporation of a specific crop, compared with the reference surface used in the calculation of PETo 
(Equation 2.42). The Kc of an annual crop therefore changes throughout the growing season in 
response to changes in plant development, ground cover, and plant age and maturity. Figure 2.8 
illustrates the typical pattern of a crop coefficient curve for pasture. Growth cycles have been 
separated into four stages: the initial growth stage, the development stage, the mid-season stage, and 
the late season stage, each of which contribute to the crop coefficient curve. The initial growth stage 
applies up to a ground cover of 10%, while the mid stage is reached once canopy closure occurs (i.e. 
95% ground cover (Brougham, 1958).  
When forage crops or pasture are harvested or grazed several times throughout the growing season, 
each defoliation event results in the end of a ‘sub’ growing season and its associated Kc curve, and 
commences a new ‘sub’ growing season and Kc curve. This leads to a series of ‘sub’ curves that make 
up a Kc time-series for the entire growing season. For a pasture with a maximum height of 150-300 mm 
under a regular grazing rotation, Allen et al. (1998) identifies Kc values of 0.4 in the initial growth stage 
that increase linearly during the crop development stage to 0.85-1.05 in the mid-season growth stage 
at full canopy cover. Under regular grazing, the end stage is unlikely to be reached. However, these are 
based on the results of studies predominantly in the Northern Hemisphere, and therefore the validity 
of their application in New Zealand is uncertain, and is part of the current investigation.  
 
Figure 2.8 Schematic variation of the crop coefficient (Kc) over the growing season for rotationally 
grazed pasture. Adapted from Allen et al. (1998). 
 
Limited research into appropriate Kc values for pasture in New Zealand has been undertaken. The use 
of Kc values within New Zealand has therefore often been based on previously published values, 
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where λ, the latent heat of vaporization, is equal to 2.45 MJ/kg, Rn is the net radiation, G the soil heat 
flux, ρa the mean air density, Cp the specific heat of the air at constant pressure, Δ the slope of the 
saturation vapour pressure temperature relationship, es and ea the saturation and actual vapour 
pressures in the air above the crop, respectively, rs the (bulk) surface resistance, ra the aerodynamic 
resistance and γ the psychrometric constant. Where rs or ra are not measured, they can be estimated 
using the method developed by Allen et al. (1998) as follows: 
rs = r1/LAIactive 2.40 
ra =
208
u2
 2.41 
where r1 represents the bulk stomatal resistance of the well-illuminated leaf, LAIactive the active sunlit 
leaf area index (LAI), and u2 the wind speed at a height of 2 metres above the ground surface. Estimates 
of evapotranspiration using the PM method can be most sensitive to these resistance parameters, 
which account for the control vegetation has on water use. Their accurate measurement and/or 
estimation are essential for accurate estimates of evapotranspiration (Allen & Daniel, 2005; Beven, 
1979; Sumner & Jacobs, 2005). 
An FAO panel review of methodologies on crop water requirements identified the PM equation as the 
most accurate practice for estimating PET (Allen et al., 1998). However, according to Atwell et al. 
(1999) the complexity of directly measuring rs and ra lead to the FAO modification of the PM equation. 
This defined a hypothetical reference crop for estimating PETo as being of 0.12 m in height, with a fixed 
surface resistance of 70 s/m and albedo of 0.23 (Allen et al., 1998) (Section 2.2.1). The FAO version of 
the PM equation (PMFAO) is as follows: 
PETo =
0.408 ∆ (Rn−G) + 𝛾 
900
T+273
 u2 (es−ea)
∆+𝛾 (1 + 0.34 u2)
 2.42 
where, T refers to the air temperature. The PMFAO method uses standard climate data for the 
estimation of PETo, being solar radiation, air temperature, air humidity (or rather the saturation vapour 
pressure deficit), and wind speed. However, Allen et al. (1998) identified that where data for some of 
these input variables are unavailable, the use of the PMFAO method is limited. To overcome this Allen 
et al. (1998) derived a number of equations enabling missing humidity, radiation, or wind speed data 
to be estimated while still yielding satisfactory results (Trajkovic & Kolakovic, 2009). 
2.4.2.2 Priestley-Taylor (PT) 
The Priestley-Taylor (PT) method (Priestley & Taylor, 1972) is another commonly adopted approach in 
the estimation of PETc. It is a simplification of the original Penman (1948) combination equation. The 
data requirements of the PT method are much less compared with PM, requiring only net radiation 
and temperature data and an empirical constant ‘α’ to replace the aerodynamic component in the 
Penman method (Jensen et al., 1990), as follows:  
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PETc = 𝛼
∆
∆+𝛾
(
Rn−G
𝜆
) 2.43 
An empirical constant ‘α’ value of 1.26 was proposed by Priestley and Taylor (1972) and has been 
successfully adopted by numerous others (Eichinger et al., 1996; Jensen et al., 1990; McAneney & Itier, 
1996; McAneney & Judd, 1983). The value of 1.26 is considered an average value, representative of a 
closed canopy, extensive wet surface crop under humid conditions where advection is low. Semi-arid 
to arid climates are represented by values higher than 1.26. Within a New Zealand setting, however, a 
wide range of values has been published. For example, values of 1.17-1.3 have been reported for 
pasture and crops under non-advective conditions in the Manawatu (Clothier et al., 1982; Green et al., 
1984; Kenny et al., 1995; Scotter et al., 1979). Woodward et al. (2001) also reported values of ~0.63 to 
>2 for New Zealand, but that 60% of the time values exceed 1.26 due to the aerodynamic influence. 
Jamieson (1982) and McAneney and Judd (1983) both maintained the value of 1.26 for Canterbury and 
the Waikato, respectively, given by Priestley and Taylor (1972). A value of 1.26 has therefore been used 
in the estimation of PT PETc in this study.  
2.4.2.3 Dual crop coefficient model (DCC) 
An alternative to the single Kc value or time series has been developed (Allen et al., 1998; Jensen et al., 
1990; Wright, 1982), for which Kc is separated into a basal crop coefficient (Kcb) and an evaporation 
coefficient (Ke), and referred to as the dual crop coefficient model (DCC). Kcb represents transpiration 
from the crop when soil water is not limiting, while Ke is the evaporation component, representing 
evaporation from the soil surface. Kc using the DCC model is calculated using Equation 2.44. 
Kc = Kcb + Ke 2.44 
Kcb and Ke can be determined as follows: 
Kcb = Kcb(Tab) + [0.04(u2 − 2) − 0.004(RHmin − 45)] (
h
3
)
2
 2.45 
Ke = Kr(Kc max − Kcb) < fewKc max 2.46 
where, Kcb(Tab) is the value for Kcb mid or Kcb end, as given by Allen et al. (1998) (Figure 2.8), RHmin is the 
minimum relative humidity, h is the average canopy height, Kr a dimensionless evaporation reduction 
coefficient, Kc max the maximum Kc value following rainfall or irrigation, and few the exposed, wetted 
fraction of the soil. The DCC model allows for improved estimates of Kc compared with the PM and PT 
methods by accounting for the effect of variation in canopy cover on the potential for soil evaporation, 
and is therefore used for irrigation scheduling. Goodwin  et al. (2012) and Dragoni et al. (2004), for 
example, researched appropriate Kcb values for orchards and Poblete-Echeverría and Ortega-Farias 
(2013) for grapevines to improve calculations of actual water use and improve irrigation efficiency. The 
method improved estimations of water use by 10% compared with the use of the published values in 
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Allen et al. (1998). Hatfield and Allen (1996), however, found the PM model to provide more accurate, 
consistent estimates of water use than the DCC approach.  
2.4.2.4 Shuttleworth-Wallace model (SWW) 
The Shuttleworth-Wallace model (Shuttleworth & Wallace, 1985), like PM, is a one dimensional  
combination model. However, as with the DCC model, it separately estimates soil surface evaporation 
and canopy transpiration, thereby enabling the transition in evapotranspiration to be described 
between bare substrate and a closed canopy. In doing so, the representation of the soil-canopy-
atmosphere system is improved compared with that of a single layer model (Ershadi et al., 2015). The 
model is an extension of the PM equation, and incorporates many of the same relationships and 
meteorological data requirements. However, unlike the PM, it does not take a ‘big leaf’ approach. 
Accordingly, the SWW model is highly complex and demands a number of input data representing the 
land surface characteristics, including plant canopy and residue coverage, surface and aerodynamic 
resistances, and net radiation partitioned between plant canopy and the soil surface (Odhiambo & 
Irmak, 2011; Shuttleworth & Wallace, 1985; Thornley & France, 2007; Zhou et al., 2006), as illustrated 
by Equations 2.47 to 2.54. 
λET = CcPMc + CsPMs 2.47 
PMc =
∆A+{𝜌CpD−∆ra
cAs} /(ra
a+ra
c)
∆+𝛾 {1 + rs
c/(ra
a+ra
c}
 2.48 
PMs =
∆A+{𝜌CpD−∆ra
s(A−As)} /(ra
a+ra
s)
∆+𝛾 {1 + rs
s/(ra
a+ra
s}
 2.49 
Cc = {1 + (RcRa)/(Rs(Rc+Ra))}
−1 2.50 
Cs = {1 + (RsRa)/(Rc(Rs+Ra))}
−1 2.51 
Ra = (∆ + 𝛾)ra
a 2.52 
Rs = (∆ + 𝛾)ra
s + γrs
s 2.53 
Rc = (∆ + 𝛾)ra
c + γrs
c 2.54 
where PMc and PMs relate to the canopy transpiration and soil surface evaporation, respectively, c 
denotes the canopy and s the soils in that Cc and Cs are weighing coefficients for the canopy and soil, 
respectively. A and As are the total energy fluxes leaving the crop and substrate, respectively, as 
sensible and latent heat per unit of ground area (MJ/m2). D is the vapour pressure deficit (mb), ra
a and 
ra
s  are aerodynamic resistances between the canopy and the reference height and between the soil 
surface and canopy (s/m), respectively. ra
c  is the bulk boundary layer resistance per unit area of 
vegetation (s/m), rs
c is the bulk stomatal resistance of the canopy (s/m) and rs
s the surface resistance of 
the soil (s/m). Rc, Ra and Rs each represent canopy, aerodynamic and soil substrate resistances, 
respectively. 
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Stannard (1993), for example, used the SWW model, along with the PM and PT models, to estimate 
PETc from wild land vegetation, and found the SWW model performed more accurately than the PM 
model, and provided similar predictions to the PT model. Odhiambo and Irmak (2011) compared 
measurements of AET for an irrigated soybean (Glycine max L. Merr.) crop using the Bowen Ratio 
Energy Budget with SWW estimates, and found the model was able to successfully follow the 
measured trends in AET. However, during early and later season growth stages where evaporation was 
dominant, there was poor agreement. Despite this, when measured and estimated ET were 
accumulated, many of the differences were less obvious due to the balancing effect of over- and under-
estimations. Gardiol et al. (2003) compared estimates of evapotranspiration using the SWW and PM 
models for a maize crop, and found the SWW to perform more accurately than the PM when the 
vegetation density was low (i.e. LAI<4). This was due to the PM model neglecting soil surface 
evaporation during the early stages of growth. However, where the LAI>4, the PM was found to 
provide closer estimates of evapotranspiration to those measured. Ershadi et al. (2015) also compared 
PETc estimates for a range of biomes, the results from which identified the PM model to perform the 
best in grassland and shrubland sites, whereas the SWW rated highest for sparser canopies, including 
forests. Finally, Zhou (2011) recommended the use of the SWW over the PM due to its more robust 
physical basis and because it successfully accounts for the effect of changing land surface conditions 
on PETc. Zhou (2011) therefore suggested that SWW estimates can be directly input into hydrological 
models. This has been done in the current thesis with the soil water flow model HYDRUS (Section 
2.3.3.4). 
Kato and Kamichika (2006) used the SWW model to estimate canopy transpiration and soil evaporation 
for a sparse sorghum field, which were then used to determine the basal crop and soil evaporation 
crop coefficients used in the DCC model from daily estimates of PETo using the PMFAO model. The Kcb 
increased with increasing LAI rapidly and slowly below and above an LAI of 1.0, respectively, and the 
Ke showed a positive relationship to increasing soil water content (SWC) at a depth of 150 mm. When 
compared with AET estimated using the Bowen Ratio Energy Budget, the DCC method was found to 
be an appropriate approach for estimating evapotranspiration. 
Hedley and Yule (2009) used the DCC model to predict the effects of intermittent irrigation wetting 
events on basal crop transpiration and soil evaporation separately for an irrigated maize crop in the 
Manawatu District, New Zealand. Green (2008) used the DCC model to obtain estimates of potential 
transpiration from grapevines near Hastings, New Zealand. Liu and Luo (2010) evaluated whether or 
not the DCC method was suitable for calculating the actual daily evapotranspiration of winter wheat 
(Triticum aestivum) and summer maize crops in the North China Plain, with results compared against 
lysimeter-based measurements. Results of the review identified that the DCC model was effective at 
simulating total seasonal evapotranspiration, with a high Nash-Sutcliffe coefficient of 0.90 and low root 
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mean square deviation of 0.90 mm/d (or 10%) for winter wheat. However, under- and over-
estimations in the initial and later stages of crop development limited its use for short-term 
simulations.  
 
2.5 Statistical evaluation of modelled data 
A range of methods for statistically evaluating modelled data exist. However, from a review of the 
literature it does not appear that there is a standard process that is followed; rather it is left up to the 
author to decide the approach to take. This conclusion is supported in a review by the American Society 
of Civil engineers (ASCE, 1993), who highlight that although there has been a multitude of computer-
based simulation models developed in the past several decades, there do not appear to be commonly 
accepted standards for evaluating the reliability of these models. From their review, ASCE 
recommended that when evaluating modelled data, both visual and statistical comparisons be made 
whenever data are presented. Visual presentation (i.e. graphic plots) provides a general overview of 
model performance and provides an overall feeling for model capabilities. Quantitative assessment of 
modelled results can be achieved by using one or more statistical goodness-of-fit criteria. Similarly, 
Chai and Draxler (2014) suggest that any single statistical measure provides only one projection of the 
model errors and, therefore, only emphasises a certain aspect of the error characteristics. Therefore, 
a combination of metrics should be used. 
Common statistical criteria applied throughout the literature include the coefficient of determination 
(r2), the root mean square deviation (RMSD), which can be normalised to either the mean of the 
observed data or to the range of the observed data (NRMSD), the Nash-Sutcliffe efficiency coefficient 
(NSE), the mean bias error (MBE), the mean absolute error (MAE) as well as a general comparison of 
the ratio of the observed to the simulated data, be it in relation to soil moisture, drainage volumes or 
herbage mass accumulation. 
Of these, the RMSD is commonly used throughout the literature to measure model performance 
relating to evapotranspiration (Allen et al., 2006; Brown et al., 2012; Odhiambo & Irmak, 2011), 
climatic research (Fletcher & Moot, 2007), hydrology (Dann et al., 2010), and pasture production and 
photosynthesis (Li et al., 2011; Peri et al., 2002a; Peri et al., 2002b). The NSE coefficient, on the other 
hand, is widely used in water resources to assess the predictive abilities of hydrologic models (Gandolfi 
et al., 2006; Jain & Sudheer, 2008; Liu & Luo, 2010; McCuen et al., 2006; Sansoulet et al., 2008; Wöhling 
& Vrugt, 2007; Zhou et al., 2012; Zhou et al., 2006), and has also been extended to comparing PETc 
model performance (Ershadi et al., 2015). These two statistical criteria have therefore been used 
throughout this thesis to compare the accuracy of simulated pasture growth, soil water flow and 
evapotranspiration data with field measurements. Where appropriate, results have also been 
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supported with the use of statistical parameters including the r2, the coefficient of variation (CV), the 
calculation of the mean bias and general comparisons of simulated and observed data on a percentage 
basis.   
The NSE can be determined as follows: 
 NSE = 1 −
∑ (Ot−St)
2n
t=1
∑ (Ot−O)
2n
t=1
 2.55 
where Ot and St are the observed and simulated values at time t, respectively, O is the average 
observed value and n is the number of samples. NSE coefficients can vary from 0-1. An NSE = 1 is 
indicative of a perfect fit between the observed and predicted values, while NSE = 0 indicates the 
model predictions are no more accurate than using the average of the observed data. Where the NSE 
is less than zero, the average of the observed data is a more accurate predictor than the model. 
However, if the measured values approach the mean value (i.e. the coefficient of variation is low), the 
denominator in the equation (Equation 2.55) approaches zero, and a negative NSE coefficient value 
can result with only minor model imprecision (ASCE, 1993).  
The RMSD, and the RMSD normalised to the mean of the observed data (NRMSD) are calculated as 
follows: 
 RMSD = [
∑(Ot−St)
2
n
]
0.5
 2.56 
 NRMSD = RMSD/O̅ 2.57 
The RMSD gives a measure or index of the absolute deviation between the simulated and observed 
data, whereas the NRMSD provides a relative deviation of the simulated from the observed and can 
therefore be used to compare datasets or models with different scales. With the NRMSD, a value of 0 
represents a perfect fit between the observed and the predicted values, although a value less than 0.2 
is generally indicative of an accurate representation by the model of the observed data (Mills, 2007). 
A common concern with the RMSD, however, is its sensitivity to outliers in that it gives errors with 
larger absolute values more weight than errors with smaller absolute values (Chai & Draxler, 2014). 
However, Chai and Draxler (2014) contend that the RMSD proves to be an effective method of 
determining model performance and suggest that penalising large errors, as is done by the MAE, will 
improve model performance, and make calculation of the sensitivity of certain model parameters 
difficult. 
To gain further insight into causes of model deviations, the MSD, being the RMSD squared, values can 
be partitioned into three components (Dolling et al., 2005; Gauch et al., 2003; Moot et al., 2014): 
squared bias (SB), non-unit slope (NU) and lack of correlation (LC), as follows: 
 MSD = SB + NU + LC 2.58 
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 SB = (O − S)
2
 2.59 
 NU = (1 − b)2 × (∑(S − S)
2
/n) 2.60 
 LC = (1 − r2) × (∑(O − O)
2
/n) 2.61 
where O and S are the mean of the observed and simulated values, respectively, b is the slope of the 
least squared regression between the observed (y-axis) and simulated (x-axis) values and r2 is the 
coefficient of determination. 
Perfect equality is achieved when the observed is equal to the simulated, giving an MSD = 0. According 
to Gauch et al. (2003), deviation from this arises due to translation, rotation and/or scatter. Translation 
is where O ≠ S, leading to SB > 0. However, SB > 0 will also occur when b = 1, but the intercept a ≠ 0. 
Rotation occurs when b ≠ 1, and therefore NU > 0. Lastly, scatter results in an LC > 0 when r2 ≠ 1 due 
to errors. The three components are therefore additive and have clear and distinct meanings with 
transparent relationships with regression parameters b (NU), r2 (LC) and a (SB, where b = 1 and a > 0). 
Gauch et al. (2003) highlight the superiority of using the MSD statistic for model selection over 
regression and correlation. Specifically, they identify that linear regression is often applied to variables 
that share no common interest, such as yield and fertiliser, and therefore there is no expectation that 
the intercept will be zero or the slope will be unity. Accordingly, the regression accounts for bias and 
NU, and therefore only LC will reduce the regression’s fit.  
When interpreting results, different ‘winners’ can be selected if one model has the lowest MSD but a 
different model has the lowest LC component, which translates to the highest r2 (Gauch et al., 2003). 
However, often a model’s problems with NU and SB are relatively easy to fix, unlike problems with LC. 
Accordingly, the MSD will rank models according to their merits, but the LC improves the ranking of 
the potential model merits after the relatively easily fixed defects have been corrected. Dolling et al. 
(2005), for example, reported improved predictions of biomass in response to reduced SB and NU 
components, and a subsequent increase in the LC. Similarly, Moot et al. (2014) reported improved 
shoot biomass predictions when model calibration led to an increase in LC from 53-93% and reductions 
in both SB and NU, resulting in a well distributed bias. 
To enable clear understanding of the differences between model predictions, the process of separating 
the MSD into the SB, NU and LC has been applied to the simulated pasture growth, soil water flow and 
evapotranspiration results presented in this thesis. 
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2.6 Conclusions 
This chapter reviewed relevant literature associated with the process of evapotranspiration, its 
measurement, and the influence of climate, pasture management and physiology and soil on 
evapotranspiration. Objective 1 was achieved through a critical review of existing methods of 
estimating evapotranspiration, and their application in New Zealand and internationally was 
summarised. 
Evapotranspiration is a key, yet relatively complex, process in the development and growth of plants 
and has formed the focus of many studies. Much of the literature reviewed agreed that the Penman-
Monteith method is the best-practice method for estimation of evapotranspiration, and recommends 
its use where possible above other existing methods. However, some advocated the use of the 
Priestley-Taylor method due to its simplicity and ability to provide estimates with a similar degree of 
accuracy to PM. The development of crop coefficients, which enable the estimation of AET from PETo 
data, and definition of relationships between ET and crop canopy characteristics, have also been well 
reported throughout the literature. In some studies, however, the ability to separate estimates of 
evaporation and transpiration were investigated and the results highlighted the benefits of using 
models such at the DCC and SWW models. However, these demand detailed inputs relating to the land 
surface and canopy.   
In relation to pasture within New Zealand, it has been identified that there is a significant gap in the 
research to date. Specifically, there is limited understanding of evapotranspiration from irrigated, 
grazed dairy pastures, and therefore its estimation. While a number of methods are used to estimate 
evapotranspiration, they haven’t been well tested for an irrigated grazed dairy pasture, where the 
canopy is regularly subjected to defoliation. Accordingly, this has the potential to result in under- or 
over-estimations of water use, and has implications for the management of water at both the farm 
and region level. This thesis will go some way towards closing the current knowledge gap through 
addressing the hypothesis and associated objectives set out in Chapter 1. 
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Soil water retention measurements provided in Table 3.2 for the soil layers 0-180 mm and 180-520 
mm were determined from soil cores taken from the experiment site by Dr Sam Carrick of Landcare in 
December 2011. No measurements were taken below 520 mm, but Rosetta Lite, version 1.1 (Rosetta) 
(Schaap et al., 2001) (Section 2.3.3.4) was used to fit van-Genuchten (1980) parameters to the soil 
textural data (Appendix 1). The estimated van-Genuchten (1980) parameters were then used to predict 
the soil water content at specific matric potentials for the 520-700 mm soil layer using Equation 2.32.  
The measured/estimated soil water content related only to the finer material, and therefore did not 
account for the presence of stones within the profile, which comprised ~7% of the soil volume between 
0-180 mm, ~30% from 180-520 mm and ~50% below 520 mm (Appendix 1). The actual water content 
of the soil at each matric potential (Table 3.2), adjusted for the volume of stones (%) present was 
determined using the method given by Riddell (1979) as follows: 
SMC∗ = SMC × (1 − stone(v v⁄ %)/100)    3.1 
Table 3.2 Dry bulk density and gravimetric soil water content (%) at varying matric potentials for 
a Darnley silt loam soil, West Eyreton, Canterbury. Values in brackets represent the soil 
water contents adjusted for the soil stone content. 
Soil depth 
(mm) 
Matric potential (kPa)1 Dry bulk 
density 
(g/cm3) 0 -10 -20 -50 -100 -300 -1500 
0-1803 
47.7 
(44.3) 
41.7 
(38.8) 
39.9 
(37.1) 
37.3 
(34.6) 
34.6 
(32.2) 
27.9 
(26.0) 
20.3 
(18.9) 
1.35 
180-5203 
44.5 
(31.1) 
33.3 
(23.3) 
32.0 
(22.4) 
30.1 
(21.0) 
27.8 
(19.5) 
25.2 
(17.7) 
18.1 
(12.7) 
1.47 
520-7002, 3 
36.6 
(18.3) 
15.4 (7.7) 10.3 (5.2) 
7.6  
(3.8) 
6.8  
(3.4) 
6.4  
(3.2) 
6.3 
(3.1) 
- 
Note 1: Data for the 0-180 and 180-520 mm soil layers are the means of two replicates, taken by S. Carrick of Landcare 
Research, December 2011. 
Note 2: Values estimated from particle size distribution data (Appendix 1) using Rosetta (Schaap et al., 2001) and 
Equation 2.32. 
Note 3: Values in brackets are the soil water contents adjusted for the soil stone contents, on the basis that stones 
accounted for ~7% of the volume for  0-180 mm, ~30% for 180-520 mm and ~50% for 520-700 mm, as per Appendix 1. 
 
The results of a soil test carried out in July 2013 identified the soil fertility to be moderate at the site 
(Table 3.3).  
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Table 3.3 Results of soil testing within lysimeter paddocks at Larundel Dairy Farm (LDF), Three 
Springs Dairies (TSD) and Pendo Farms (PF). 
Site Date 
Depth 
(mm) 
pH Olsen P SO4-S Ca2+ Mg2+ K+ 
(H2O) (mg/L) (mg/kg) ------------- (me/100g) ------------- 
LDF July 2013 0-75 6.0 39 7 10.5 1.82 0.54 
TSD March 2011 0-75 6.5 16 5 13.6 1.02 0.54 
PF December 2012 0-150 6.6 26 - 8.0 1.68 0.55 
Normal range levels  5.7-6.2 20-30 10-20 4-12 0.6-1.6 0.3-0.6 
Note: Soil samples were analysed using Ministry of Agriculture and Fisheries Quick Test MAF procedures. The normal 
range levels were taken from the Hill Laboratories Crop Guides for ryegrass and mixed pasture (Hill Laboratories, 2015) 
 
3.2.2.2 Three Springs Dairies soil description 
At TSD, the soils consisted of Lismore stony silt loams (Udic Haplustept loamy skeletal, USDA Soil 
Taxonomy, (U.S.D.A., 1984)) (Di et al., 2007). A visit by T. Webb (pers. comm., 12 Oct. 2012) to the site 
prior to the lysimeter installation identified that border-strip irrigation effects were present. Some 
areas had only a thin (100-120 mm) topsoil because of scraping, while areas identified as fill sites had 
much deeper (300-400 mm) topsoils. The lysimeter site chosen was one that was considered relatively 
uninfluenced by previous border strip development, having topsoils of ~200 mm. All three lysimeter 
profiles had the same sequence of horizons, although slightly different thicknesses (Appendix 2). The 
stone content of the upper 300 mm was ~20%, which increased to 50-60% at lower depths. Photos of 
the lysimeter soil profiles are given in Plate 3.2. 
No impediments to drainage or root growth were present, although the subsoil had a weakly 
developed clay pan, so it was considered to be bordering on a Darnley soil. According to S-Map 
(Landcare Research, 2013), Lismore stony silt loams are characterised as shallow, well-draining soils 
with no aeration problems or significant impediments to root growth. Permeability is moderate over 
rapid. The plant available soil water content of Lismore soils typically range between ~100-120 mm for 
a 700 mm soil profile. 
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Plate 3.2 Soil profiles of lysimeter cores L1-L3 at Three Springs Dairies. Actual lysimeter core 
numbers of each photo are unknown (source: M Flintoft, Aqualinc Research Limited). (a) 
and (c) show the upper ~470 mm of the soil profile, (b) shows the full 700 mm profile. 
 
The soil moisture content of the soil (0-700 mm) at FC and WP was determined from soil water 
retention data (Section 4.2.4.2) to be 27 and 14%, respectively. The soil moisture was assumed to 
become limiting to the canopy at 20%, half way between FC and WP (Section 2.3.2.2). 
The results of a soil test carried out in March 2011 identified the soil fertility to be moderate to low 
(Table 3.3). 
3.2.2.3 Pendo Farms soil description 
At the PF site the lysimeter cores were cut from Templeton moderately deep silt loam soils (Udic 
Haplustepts, USDA Soil Taxonomy, (U.S.D.A., 1984)) (Di et al., 2007). Profile descriptions of the three 
lysimeters are given in Appendix 3. The soil had an even texture and moderate permeability 
throughout, with a PAW of ~120-140 mm. The profiles of Lysimeters L1 and L3 were identical, while 
the L2 profile had an AB horizon from 230-290 mm. Gravels were evident from ~700-750 mm, below 
the base of the lysimeter cores. Photos of the lysimeter soil profiles are given in Plate 3.3.  
The S-Map database (Landcare Research, 2013) identifies moderately deep Templeton soils as 
stoneless, moderately well-draining soils with moderately limited aeration and no significant obstacles 
to root growth. Permeability of these soils is moderate over slow.  
a b c 
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Table 3.4 Climate station agent numbers, locations, and periods of record for climate stations 
used to obtain global radiation, air temperature, humidity, wind speed and atmospheric 
pressure data for Larundel Dairy Farm, Three Springs Dairies and Pendo Farms. 
 Field site 
Climate station 
Agent number Location  (NZGD 2000) Record period 
Larundel Dairy Farm 392241  43° 21.4'S, 172° 25.9'E 12 November 2007- on-going 
Three Springs Dairies 37920 43° 40.6'S, 171° 35.3'E 29 Jan 2010 - on-going 
Pendo Farms 38866 43° 49.9'S, 172° 5.6'E 31 August 2010 - on-going 
Note 1: Climate station agent number was previously 35463 for Larundel Dairy Farm site, but was replaced in October 
2011 by 39224. 
 
Errors were identified in the measured global radiation data at LDF and PF throughout the experiment, 
caused by failures in the data logging system at LDF and a faulty pyranometer at PF. The methods used 
to investigate and correct the data at the lysimeter sites are detailed in Appendix 4. Global radiation 
data presented in this thesis are the corrected data.   
3.2.3.1 Rainfall, irrigation and evapotranspiration  
Over the experimental period (09/09/2011-07/09/2012), rainfall at each site was similar to the long-
term mean (LTM) values (Table 3.5). TSD was the wettest with 988 mm of rain (LTM of 928 mm), 
followed by LDF with 746 mm (LTM 764 mm) and then PF with 660 mm (LTM 676 mm). Of the 660-988 
mm, 60-69% (442-678 mm) fell during the eight-month irrigation season (September-April), again 
similar to the LTM. Daily rainfall (Figure 3.2) exceeded 40 mm on two occasions (19/10/2011 and 
16/10/2011) at LDF and TSD and on one occasion at PF (19/10/2011), reaching maximums of 48.6, 55.6 
and 55.8 mm/d at the three sites, respectively.  
In addition to in-season rainfall, 225 mm of irrigation were applied at LDF, 173 mm at TSD and 144 mm 
at PF, bringing the total irrigation season water inputs to 672, 851 and 586 mm, respectively (Table 
3.5). At LDF, there were 34 irrigation events with 6.6 mm applied on average every five days, with a 
maximum of 12.6 mm applied on any one day (Figure 3.2). At TSD, there were 31 irrigation events with 
5.6 mm applied on average every 2-3 days, at a maximal rate of 14.8 mm/d (Figure 3.2). There was a 
period of 76 days between the first and last irrigation (28/11/2011-12/2/2012) at TSD, while at LDF 
there were 180 days (5/10/2011-2/4/2012). At PF, irrigation was spread out over 156 days (2/11/2011-
06/4/2012) with an average of 3.5 mm applied every four days, resulting in 41 irrigations. A maximum 
of 9.4 mm of irrigation was applied on any one day (Figure 3.2). Daily maximum rainfall and irrigation 
intensities, calculated from the 10-minute data, ranged from a minimum of 1.2 mm/h at each of the 
three sites up to maximums of 27.6, 64.8 and 22.8 mm/h at LDF, TSD and PF, respectively, and were 
generally highest during the peak of the irrigation season (November-January) (Figure 3.3). 
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Annual PETo at each site (Table 3.5), which represents atmospheric demand (Section 2.2.1), was within 
9-18% of the LTM values, totalling 896 mm at LDF, 878 mm at TSD, and 921 mm at PF. Accordingly, PF 
had the lowest rainfall but highest PETo demand. During the irrigation season, PETo at the three sites 
was 85-87% of the annual total. PETo varied throughout the year (Figure 3.2) and was highest from 
November-January, peaking at 7 mm/d at each of the three sites, and lowest from June-August with 
minimums of <0.5 mm/d at all three sites. 
Figure 3.2 provides a soil water budget over the experimental period, showing the daily PETo, rainfall, 
irrigation and potential soil moisture deficits, with and without irrigation applied. The potential soil 
moisture deficits were calculated using the daily PETo and rainfall and irrigation data, assuming a 
starting soil moisture deficit of zero on 07/09/2011, as follows: 
PSMD = PSMDi−1 − R(−I) + D + RO + PETo   3.2 
where PSMD is the potential soil moisture deficit (mm) for the 700 mm lysimeter soil profiles, PSMDi-1 
is the PSMD on the previous day, PETo is the reference crop potential evapotranspiration calculated 
using Equation 2.42, R and I represent inputs of rainfall and irrigation, and D and RO outputs of 
drainage and run-off. Drainage and run-off were assumed to, combined, equal water inputs in excess 
of field capacity. 
For the 700 mm lysimeter soil profiles, the PSMD without irrigation reached a maximum of 300 mm at 
LDF, 135 mm at TSD and 384 mm at PF. While irrigation enabled a lower soil moisture deficit to be 
maintained, the maximum PSMD with irrigation at LDF was still high, being 106 mm at LDF, 55 mm at 
TSD and 240 mm at PF. These data suggest that without irrigation, soil moisture may have been a 
limiting factor to pasture growth at all three sites, but with irrigation, the potential for water stress 
was largely removed at TSD (Section 3.2.2). At LDF and PF, even with irrigation, the potential water 
deficit was greater than the critical deficit.   
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Figure 3.2 Daily potential reference crop evapotranspiration (PETo) (―), stacked daily precipitation 
including rainfall (■) and irrigation (■) and the potential soil moisture deficits with (―) 
and without (---) irrigation from 07/09/2011 to 14/09/2012 at Larundel Dairy Farm (LDF), 
Three Springs Dairies (TSD) and Pendo Farms (PF). PETo was calculated using Equation 
2.42 with daily climate data sourced from the NIWA on-site meteorological stations 
39224 (LDF), 37920 (TSD) and 38866 (PF).  
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Table 3.5 Rainfall, irrigation and reference crop potential evapotranspiration (PETo) for Larundel 
Dairy farm (LDF), Three Springs Dairies (TSD) and Pendo Farms (PF). Values presented 
are the annual (07/09/2011 to 14/09/2012) and irrigation season (months September 
to April) values for the long-term mean (LTM) and for the experimental period. Irrigation 
season values are in brackets.  
Field site 
Rainfall (mm)1,3  Irrigation (mm)  PETo (mm)2,3 
07Sep11-14Sep12 LTM  07Sep11-14Sep12  07Sep11-14Sep12 LTM 
LDF 746 (447) 764 (474)  (225)  896 (774) 829 (729) 
TSD 988 (678) 928 (633)  (173)  878 (746) 747 (601) 
PF 660 (442) 676 (414)  (144)  921 (801) 846 (737) 
Note 1: LTM rainfall data were sourced from NIWA’s virtual climate network (VCN) stations 20153 (LDF), 16989 (TSD), 
and 19019 (PF), for the period 1972-2013.  
Note 2: LTM PETo was calculated using Equation 2.42 with solar radiation, air temperature, relative humidity and wind 
speed data from NIWA’s VCN stations 20153 (LDF), 16989 (TSD), and 19019 (PF), for the period 1997-2013.  
Note 3: Experimental period data were sourced from NIWA’s on-site meteorological stations 39224 (LDF), 37920 (TSD), 
and 38866 (PF) (Sections 3.2.3.2 & 3.2.3.3). PETo was calculated using Equation 2.42. Solar radiation data for LDF and PF 
were the corrected values (Appendix 4). 
 
 
 
Figure 3.3 Daily maximum rainfall and irrigation intensities (mm/h) recorded at Larundel Dairy 
Farm (■), Three Springs Dairies (■) and Pendo Farms (■) from 07/09/2011 to 
14/09/2012, calculated from 10-minute rainfall and irrigation measurements. 
 
3.2.3.2 Air temperature and solar radiation 
Air temperature and solar radiation followed an expected seasonal pattern of highest values in 
summer and lowest in winter. January 2012 was the warmest month for all sites with mean daily air 
temperatures of 14.3-15.7°C, while June 2012 was coolest with means of 4.5-5.8°C (Figure 3.4). Across 
the three sites, minimum temperatures ranged between -9°C and 18°C and maximum between 6°C 
and 30°C. Mean daily temperatures over the experiment were between -3°C and 20°C, and averaged 
10°C at LDF and TSD and 11°C at PF. Monthly averaged mean daily solar radiation peaked at 21-24 
MJ/m2/d in November 2011 and January 2012 at the three sites and reduced to minimum values of 
4.6-5.4 MJ/m2/d in June 2012 (Figure 3.5).  
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Figure 3.4 Mean daily air temperature, by month, at Larundel Dairy Farm (▲), Three Springs Dairies 
(◆) and Pendo Farms (●) for September 2011 to September 2012. Data were sourced 
from the NIWA on-site meteorological stations 39224 (LDF), 37920 (TSD) and 38866 (PF).  
 
 
Figure 3.5 Mean daily solar radiation, by month, at Larundel Dairy Farm (▲), Three Springs Dairies 
(◆) and Pendo Farms (●) for September 2011 to September 2012. Data were sourced 
from the NIWA on-site meteorological stations 39224 (LDF), 37920 (TSD) and 38866 (PF).  
 
3.2.3.3 Relative humidity and wind speed 
Monthly averaged mean daily relative humidity varied throughout the year at all sites (Figure 3.6). 
Values were lowest at 67-70% in November 2011 and reached a maximum in August 2012 of 83-86%. 
October was the windiest month at LDF with monthly averaged mean daily wind speeds of 3.5 m/s, 
while September 2012 was the windiest month for TSD and PF with mean daily wind speeds of 3.0 and 
3.4 m/s, respectively. Wind speeds reduced through summer and autumn to minimums of 1.6-1.9 m/s 
in July 2012 (Figure 3.7). The monthly averaged mean daily wind run increased from a minimum of 138 
km/d at PF to a maximum of 306 km/d at LDF. Daily wind run ranged from 79-801 km/d at LDF, 77-729 
km/d at TSD and 28-677 km/d at PF. 
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Lysimeter 1, Lysimeter 2, and Lysimeter 3, respectively. A description of the lysimeter installations is 
given in Chapter 4 (Section 4.2.1.1). 
The experimental design of the project assumed that pasture management at all sites was the same, 
for example, growing well-watered, fertilised, perennial ryegrass/white clover pasture under a 
rotational dairy grazing system (Sections 3.2.4.1 to 3.2.4.4). Therefore, any differences among the sites 
were not expected to be critical in controlling differences in water use among sites. Accordingly, 
pasture canopy observations and measurements were undertaken at the LDF site only. Measured 
herbage yield and growth rates at LDF were then used to calibrate the pasture growth model 
‘DairyMod’, with which pasture growth in the lysimeters at the Three Springs Dairies and Pendo Farms 
sites was quantified. 
Three locations at LDF were included in the pasture sampling, with three replicates at each location. 
However, these were not true replicates, as they could not be randomly assigned. Therefore, the goal 
of having three of each was to enable the most accurate measurements of pasture yield and canopy 
to be obtained. Pasture measurements were carried out from each of the three lysimeters, from five 
(1.0 m x 0.5 m) cages placed in the wider paddock, and from an area designated ‘channels’ which 
consisted of three aluminium channels (800 x 25 x 10 mm (L x W x H)) installed at ground level in the 
pasture. The cages remained in place throughout the grazing season. Outside of the grazing season, 
the cages were relocated after each harvest. The purpose of the channels was to enable leaf area and 
canopy light interception measurements from ground level (Plate 3.4). 
 
Plate 3.4 Channel installation at ground level at Larundel Dairy Farm, prior to canopy 
reestablishment (a). Illustration of canopy leaf area and light interception measurement 
within installed channel at Larundel Dairy Farm (b). 
 
For this study, the channels have been identified as C1, C2 and C3, in reference to Channel 1, Channel 
2, and Channel 3, respectively. The lysimeters and channels were fenced off from stock to prevent 
grazing of the pasture. Figure 3.8 illustrates the locations and positioning of the channels and cages 
a b 
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and within the cages using grass shears. Herbage mass was also measured twice within each regrowth 
cycle in the cages. The pasture was clipped to a residual height of ~60 mm to reflect the grazed height 
of the surrounding pasture. Twelve additional pasture cuts were taken following clipping of the pasture 
during August 2012 to establish the residual herbage mass, which gave a mean herbage residual of 
~1.0 t DM/ha (not shown). The cut pasture samples were oven dried at 65°C for a minimum of 48 hours 
then weighed. The herbage mass of each quadrat was determined as follows: 
 HM (kg DM ha⁄ ) = total quadrat sample dry weight (g)/0.20m2 × 10 3.3 
A Jenquip rising plate meter (RPM), which measures the compressed height of the pasture, taking into 
account variations in the pasture density (Trafford & Trafford, 2011), was used to indirectly measure 
the changes in herbage mass of the pasture in the channels and lysimeters within each regrowth cycle. 
An average of four plate meter readings were recorded within each cage and channel quadrat and 
each lysimeter at the end of each regrowth cycle and twice within each regrowth cycle. Calibration of 
the plate meter was achieved by pairing the averaged RPM readings to measurements of herbage 
mass. Linear regression was used to determine the calibration equations (Section 3.2.7.1). The within 
regrowth cycle RPM readings for the lysimeters and channels were converted to herbage mass using 
the derived seasonal calibration equations. 
The total yield (TY, kg DM/ha) for each regrowth cycle was taken to be equal to the herbage mass 
destructively measured at the end of each cycle. 
Prior to drying, representative sub-samples were manually separated from the clipped end of regrowth 
cycle pasture and sorted into grass, clover, weed and dead material to determine the botanical 
composition by dry weight. Representative sub-samples of the within regrowth cycle cut samples from 
the cages were separated into dead and green material. 
3.2.5.2 Sward height 
In addition to RPM readings, pasture height was measured using a ruler at the end of each regrowth 
cycle and twice within each regrowth cycle. Within each channel and cage quadrat and each lysimeter 
a minimum of five undisturbed sward height measurements were taken and an average of the 
measurements recorded. 
Daily pasture height values were determined by assuming a linear increase in height between 
measurements. Following each end of regrowth cycle sampling, pasture height was on average 60 mm. 
3.2.5.3 Light interception and pasture leaf area  
An AccuPAR LP-80 ceptometer was used to non-destructively measure the pasture canopy PAR 
interception and LAI (LAIcept) above ground level. PAR interception measurements were taken during 
each end of the regrowth cycle and within regrowth cycle sampling events in the channels. LAIcept was 
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recorded on 10 occasions, including during November 2011 and then again from May to August 2011. 
Twelve pre- and post-clipping above and below canopy PAR and LAIcept measurements were taken from 
the wider paddock area over two visits to the site during August 2012 due to a previously limited 
number of recorded LAIcept measurements. This enabled a full spectrum of results to be obtained and 
allowed residual LAIcept values to be determined.  
LAIcept values could not be directly determined for the lysimeters as rubber rims around the top of the 
lysimeters (Section 4.2.1.1) made it physically impossible. In addition, installation of channels in the 
lysimeters would have adversely affected their operation. Therefore, prior to drying, the green leaf 
area of the botanically separated clipped pasture samples from the lysimeters and channels (Section 
3.2.5.1) were measured using a LI-COR LI-3100C leaf area meter. The green area index (GAI), taken to 
be the ratio of leaf green area to the 0.2 m2 quadrat/lysimeter area, was determined by dividing the 
green leaf area of the total clipped pasture sample by the quadrat area. The GAI values differed from 
the LAIcept values because they were for the green material only and related to the leaf area of the 
pasture above the residual cut pasture height of 60 mm. The LAIcept values were taken from ground 
level and included dead material. 
LAIcept measurements were paired with corresponding GAI values from the channels and linear 
regression used to determine the calibration equation. Lysimeter LAIcept values were estimated by 
applying the calibration equation to the lysimeter GAI measurements. Daily LAIcept values for the 
lysimeters were estimated by assuming LAIcept increased linearly between consecutive measurements. 
A LAIcept value of 0.6 was assumed immediately following grazing based on averaged post-clipping 
measurements. A value of 0.6 is typical of a hard grazed system (Korte et al., 1984). 
For clarification purposes, LAI and GAI have been defined throughout the remainder of this thesis as 
follows: 
 LAI refers to the total one-sided leaf area of the pasture above ground level per unit of soil 
below it, and is expressed as the m2 leaf area per m2 of ground area. 
 GAI refers to the one-sided leaf area of the pasture above the residual grazed/cut height of 
the pasture, and includes only the live (green) material. The GAI is expressed as the m2 green 
leaf area per m2 of ground area. 
3.2.5.4 Herbage nitrogen 
Sub-samples taken from the dried end of regrowth cycle pasture samples were analysed to determine 
the nitrogen concentration (N%) of the pasture grown in the lysimeters and cages. The samples were 
ground using a Retsch ZM 200 Rotor Mill with a 1 mm sieve, and tested for N% using near-infrared 
spectroscopy (NIR) at the Lincoln University analytical laboratory.  
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Table 3.7 Soil hydraulic property values set for DairyMod pasture growth simulations of lysimeter-
grown perennial ryegrass-based pasture at Larundel Dairy Farm, Canterbury. 
Soil layer 
Depth 
(mm) 
Ksat  
(mm/d) 
θs 
(%volume) 
θr 
(%volume) 
θFC 
(%volume) 
θWP 
(%volume) 
Clay content 
(%) 
1 0-200 175 43 0 39 19 22 
2 200-500 77 31 0 23 13 30 
3 500-700 2,002 18 2 8 3 10 
θs and θr are the saturated and air dry water contents, Ksat the saturated soil hydraulic conductivity, θFC field capacity and 
θWP the wilting point. 
Clay content (%) is in reference to the stone free fraction of the soil 
 
Sensitivity analysis overview 
Within the biophysical pasture module, the pasture sward is described. Default parameters are given, 
for example, describing the pasture structure, photosynthesis, and effects of water and temperature 
on growth of various pastures (Section 2.3.2.6).  
At LDF, default values within the pasture module were initially assumed for perennial ryegrass and 
white clover. However, White et al. (2008) reported improved model performance in Canterbury with 
rooting depths and temperature parameters (i.e. high and low initial, full and recovery temperature 
stress values and optimum and minimum temperatures for light-saturated leaf gross photosynthesis) 
modified from the model default values (Table 2.1). Accordingly, a sensitivity analysis was performed 
on each of the temperature parameters at Larundel Dairy Farm, as well as the pasture composition 
(Table 3.8). For example, clover root weevil inhibited clover growth at LDF (Sections 3.2.4.1 and 3.3.4); 
therefore, the effect of including and excluding white clover from the simulations was tested. The 
model dictated the change increments able to be applied to each of the parameters tested. 
The range tested for each of the parameters was based on a combination of the model default values, 
values reported in the literature and iterative adjustment of the parameters sufficient to allow a trend 
to be identified.  
A default rooting depth of 400 mm is given for ryegrass pasture in the model. Garwood and Sinclair 
(1979) reported an effective water abstraction depth of 800 mm for a perennial ryegrass pasture, 
which compares with a depths of 40-1100 mm reported by Parry et al. (1992) and McKenzie et al. 
(1990). However, deeper-rooted pastures are often associated with dryland environments subjected 
to water stress (White & Snow, 2012). Rooting depths of up to 700 mm were tested, corresponding to 
the maximum rooting depth allowed for by the lysimeters (Table 3.8).  
Cumulative temperature stress functions have been included in the DairyMod model to account for 
the effects of temperature extremes on photosynthetic capacity (Johnson, 2013a) (Section 2.3.2.6). As 
a default in the model, however, the high and low temperature stress functions for C3 crops are not 
implemented. When implemented, the model gives default temperature stress values, the adjustment 
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of which has been found to improve pasture growth predictions by White et al. (2008) and Cullen et 
al. (2008) (Table 2.1). For the current sensitivity analysis, both activated and inactive temperature 
stress were tested. When activated, the temperature stress ranges given in Table 3.8 were tested. 
Default minimum and optimum temperatures for Pm of 3 and 23°C, respectively, have been specified 
in the model (Section 2.3.2.6). Minimum and optimum temperatures have been reported throughout 
the literature to range from 0-6°C and 19-29°C, respectively (Section 2.3.2.3), however optimum values 
of 0-23°C are more typical and have therefore been included in the sensitivity analysis (Table 3.8). 
The sensitivity process involved manually altering a single parameter while all others were held 
constant, and iteratively running simulations. Following each simulation run, simulated herbage yields 
were statistically compared with the observed lysimeter herbage yields using NSE coefficient and 
NRMSD (Section 2.5). For each tested parameter, the value that gave the highest NSE coefficient and 
lowest NRMSD was selected. Where the default model value gave the closest fit with the observed 
data, the default value was maintained (Table 3.8 and Appendix 5). It is recognised that such a process 
is likely to give a local rather than global optimum. However, the model prevents systematic variation 
of all parameters to seek a global ‘best’ combination. 
Table 3.8 Sensitivity analysis comparing pasture composition (+/- white clover), pasture rooting 
depths and temperature and stress functions in DairyMod pasture growth simulations 
for lysimeter-grown perennial ryegrass-based pasture at Larundel Dairy Farm (LDF), 
Canterbury. Selected values are those used to model pasture growth at LDF in Section 
3.3.8.  
Parameters 
Model 
default 
Range 
tested 
Change 
increments 
NSE range  NRMSD 
Value 
selected 
Pasture composition - clover n/a True/False - 0.37-0.42 0.61-0.64 FALSE 
Ryegrass rooting depth (mm) 400 300-700 100 0.40-0.42 0.61-0.62 400 
Temperature 
stress ryegrass 
(°C) 
No stress TRUE - - 0.28 0.68 FALSE 
Low, initial 
stress 
5 -4-5 1 -0.79-0.60 0.51-1.08 -1 
Low, full 
stress 
-1 -10-0 1 -1.10- -0.79 1.08-1.17 -5 
Low, recovery 
sum 
100 50-140 10 0.56-0.62 0.50-0.54 130 
High, initial 
stress 
30 24-30 1 0.62-0.70 0.44-0.49 24 
High, full 
stress 
35 25-32 1 0.69-0.82 0.34-0.45 25 
High, 
recovery sum  
100 0-60 10 0.74-0.82 0.34-0.41 40 
Maximum 
photosynthesis 
ryegrass (°C) 
Minimum 
temperature 
3 2.5-4.5 0.5 0.78-0.85 0.31-0.38 4.5 
Optimum 
temperature 
23 19-23 1 0.73-0.82 0.34-0.39 23 
Note: NSE is the Nash-Sutcliffe efficiency and NRMSD the root mean square deviation, normalised to the mean of the 
observed data, used to statistically compare the simulated and observed herbage yields. 
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Results of the sensitivity analysis at LDF 
NSE values of <0-0.85 were achieved (Table 3.8, Appendix 5). Excluding clover from the simulations 
gave a slightly higher NSE (0.0.42) and lower NRMSD (0.61) than when clover was included (NSE=0.37, 
NRMSD=0.64). Maintaining the model default rooting depth of 400 mm also gave the highest NSE 
(0.42) and lowest NRMSD (0.61) compared with any other rooting depth or transpiration stress 
coefficient. When temperature stress was initiated, NSE coefficients increased and NRMSD values 
decreased. Iterative adjustment of the low and high initial, full and temperature sum recovery values 
increased the NSE values to 0.82 and reduced the NRMSD to 0.34. Minimum and optimum 
temperatures for photosynthesis of 4.5°C and 23°C resulted in the highest NSE (0.85) and lowest 
NRMSD (0.31). According to Peri et al. (2002b), the optimum temperature range for a cocksfoot 
pasture in Canterbury is 19-23°C, above which the photosynthetic rate declines by 0.077 units per °C 
from 23-31°C. This supports an optimum value of 23°C and initial high stress temperature of 24°C, but 
a full temperature stress value of 25°C is biologically unlikely. Rather full temperature stress should be 
in the range of 29-31°C, as reported by White et al. (2008). However, the value of 25°C has been 
maintained in order to achieve a reasonable fit between the observed and simulated herbage 
production at LDF, which is required for simulating canopy LAI and height in the PETc modelling in 
Chapter 4. 
Height calculations 
Sward height is not given as a direct output from the model, but it can be calculated from the 
relationship between canopy LAI and height defined by a non-rectangular hyperbola (Johnson, 2013a), 
which can be written as: 
h =
1
2𝜉
[𝛼LAI + hm − {(𝛼LAI + hm)
2 − 4𝛼𝜉hmLAI}
1/2]   3.4 
𝛼 = hm
(2−𝜉)
2LAIhalf
     3.5 
𝜉 = 0.9      3.6 
where α is the initial slope of the response, hm the asymptote or maximum canopy height, ξ curvature 
parameter and LAIhalf is the LAI at half the maximum height. DairyMod defaults the maximum height 
of perennial ryegrass to 500 mm. At 250 mm, the LAI of the pasture at LDF was approximately four 
(not shown). 
3.2.6.2 Three Springs Dairies and Pendo Farms 
Once calibrated against the observed LDF lysimeter herbage growth, DairyMod was used to estimate 
herbage yields at TSD and PF to enable a comparison with that observed at LDF, and to provide daily 
LAI and pasture height data for estimating evapotranspiration over the experimental period (Chapter 
4).  
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Simulations were run from 2003-2013, with 10 loops. Daily climate data inputs of air temperature, 
solar radiation, wind speed, vapour pressure and precipitation were sourced from the on-site 
meteorological stations (Section 3.2.3). Irrigation applied to the lysimeters (Section 3.2.4.3) was added 
to the daily rainfall totals. Grazing was described within the model from information provided by the 
farm managers at TSD and PF (Section 3.2.4.2). The pasture was assumed to be grazed to a residual of 
1.0 t DM/ha, excluding the initial grazing of the season where a residual of 1.5 t DM/ha was applied, 
as at LDF. Application of N fertiliser was assumed to occur following each grazing and was determined 
by dividing the total nitrogen applied, being 170 and 208 kg N/ha/y for TSD and PF, respectively 
(Section 3.2.4.4), by the number of grazing events over the season. 
For the perennial ryegrass component, the same rooting depths and temperature and transpiration 
stress functions used in the calibrated model were applied (Table 3.8). Appropriate stress functions for 
white clover in Canterbury were tested by White et al. (2008) (Table 2.1) and were applied at TSD and 
PF. Table 3.9 provides a summary of the pasture values used in the simulations at TSD and PF.  
Within the biophysics water module the soil layers, rounded to the nearest 100 mm, were set to 0-
300, 300-500 and 500-700 mm at TSD and to 0-200, 200-400 and 400-700 m at PF, based on the soil 
profile descriptions given in Section 3.2.2 and Appendices 2 and 3. FC and WP values for each layer 
were estimated from the soil water retention curve data (Section 4.2.4.2). The saturated (θs) and air 
dry water contents (θr) and saturated hydraulic conductivity (Ksat) values were those used and tested 
in the HYDRUS simulations (Section 4.2.4.2). The soil clay content was based on the soil descriptions 
provided in Appendices 2 and 3. Table 3.10 provides a summary of the soil physical parameters 
assumed for TSD and PF.  
Table 3.9 Pasture growth parameter settings used in DairyMod simulations for lysimeter-grown 
perennial ryegrass/white clover pastures at Three Springs Dairies, Methven and Pendo 
Farms, Dorie in Canterbury. 
Parameters Perennial ryegrass White clover 
Post-grazing herbage residual (t DM/ha) 1.0 1.0 
Rooting depth (mm) 400 300 
Temperature stress (°C) 
Low, initial stress -1 1 
Low, full stress -5 -2 
Low, temperature sum for recovery 130 30 
High, initial stress 24 30 
High, full stress 25 35 
High, temperature sum for recovery 40 20 
Photosynthesis (°C) 
Minimum temperature 4.5 3 
Optimum temperature 23 23 
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Figure 3.9 Seasonal herbage mass and rising plate meter (RPM) height regressions for perennial 
ryegrass from lysimeter (▲), channel (■) and cage (◆) measurements at Larundel Dairy 
Farm for the period 09/09/11-07/09/2012. Measurements for L1 are shown (△) but 
were not included in the regressions. Forms of the fitted lines are spring: y = (228±9.5)x 
- (782±109.0) (r2=0.95); summer: y = (150±8.7)x – (362±67.5) (r2=0.84); autumn: y = 
(150±10.4)x – (374±90.2) (r2=0.89); and winter: y = (94±8.3)x + (135±38.8) (r2=0.88). 
 
3.2.7.2 Thermal time  
Thermal time (Tt) was calculated using the method provided by Jones and Kiniry (1986), for which a 
sinusoidal function is fitted to mean daily air temperature, where it exceeds Tb (Section 2.3.2.3 and 
Equation 2.3). Air temperature data were recorded on-site at LDF throughout the study period at 10-
minute intervals (Section 3.2.3.2). Tt was therefore calculated every 10 minutes and summed to give 
daily values.   
To determine the most appropriate Tb value for this research, linear regression analysis of accumulated 
herbage mass against accumulated Tt over the 2011/12 growing season was undertaken for each of 
the channels and lysimeters and for the cages, for a range of base temperatures. Tb values of 0-8°C 
were compared, based on the findings of Mills (2007), Moot et al. (2000), and Tonmukayakul (2009) 
(Section 2.3.2.3). A graph showing the resultant r2 values against Tb for the lysimeters, channels and 
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site (i.e. lysimeter, cage and channel) as the treatment effect. Differences among sites (annually and 
seasonally) and seasons in the botanical composition of the pasture were also tested using ANOVA 
procedures. Where treatment means were significant (α=0.05), they were separated using Fisher’s 
protected least significant difference (LSD) tests. Unless otherwise specified, standard errors of the 
mean (SEM) were used to describe variation in the data within treatments. 
A split-line regression model was fitted to the herbage yield and Tt data for each of the lysimeters, 
channels and cages to quantify the TAGRs (slopes of the fitted relationships), and when they changed 
throughout the year. Simple linear regression analysis was used to estimate average annual TAGRs. 
The TAGRs were analysed using ANOVA procedures to determine any differences among sites. 
Regression analysis was used to determine relationships between channel-based measurements of 
LAIcept, GAI and PAR interception. One-way ANOVA procedures were used to test for differences in the 
channel and lysimeter GAI measurements. 
The ability of DairyMod to predict pasture growth was tested by comparison of simulated and observed 
herbage yields at the end of each regrowth cycle and accumulated over the experiment. To determine 
the accuracy of the predictions the Nash-Sutcliffe coefficient of efficiency (NSE) and the root mean 
square error, normalised to the observed mean (NRMSD), were calculated according to the methods 
detailed in Section 2.5. 
To gain further insight into causes of model deviations, the MSD, being the RMSD squared, values were 
partitioned into the squared bias (SB), non-unit slope (NU) and lack of correlation (LC), as given by 
Equations 2.58-2.61. 
Where data are presented in tables, italicised font has been used to distinguish simulated results from 
measured data, for which normal font has been maintained. 
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HGR in the cages (P=0.027) for Regrowth 8 (Figure 3.12). On average, grass contributed 78%, weed 
15%, dead material 7% and clover <1% of the herbage (Figure 3.14).  
The grass, clover, weed and dead material composition of the lysimeters, channels and cages did not 
differ seasonally (0.092<P<0.889) (Figure 3.15). However, during autumn the cages had a lower 
proportion of dead material (6±0.6%) compared with the lysimeters and channels (10±0.6%) (P=0.041). 
During winter the cages had a higher (P=0.018) proportion of grass (93±1.9%) and lower (P=0.009) 
proportion of weed (3±1.1%) than the lysimeters and channels at 79±1.9% and 13±1.1%, respectively. 
The winter dead material component in the lysimeters (9±0.7%) exceeded (P=0.041) that in the 
channels (6±0.7%) and cages (4±0.7%), probably due to cutting of the pasture compared with grazing. 
Overall, the grass component was lowest (P<0.001) and the weed component highest (P<0.001) during 
the summer months, making up 72±1.9% and 23±1.6% of the pasture compared with 83±1.9% and 
9±1.6%, respectively, in winter, autumn and spring. There were no differences (P=0.137) in the clover 
composition between seasons, contributing <1±0.3% throughout the year. The proportion of dead 
material was greatest (P<0.01) in spring (9±0.8%), followed by autumn and winter (7±1.6%) and 
summer (4±1.6%). The weed component consisted predominantly of dandelion (Taraxacum officinale).  
 
Plate 3.5 Lysimeter L2 pasture at Larundel Dairy Farm, 02/07/2012 (a), channel C2 pasture at 
Larundel Dairy Farm, 02/07/2012 (b) and caged pasture at Larundel Dairy Farm, 
02/07/2012 (c). Tape measure length is 200 mm. 
 
a b c 
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Figure 3.14 Mean annual botanical composition of perennial ryegrass-based pasture in the 
lysimeters, channels and cages at Larundel Dairy Farm, Canterbury for the period 
09/09/2011-07/09/2012. Botanical components identified were grass (■), white clover 
(□), weed (▩), and dead material (▨). Results are presented as a percentage of the 
total herbage yield. L1 measurements were excluded from the lysimeters. Error bars 
show the standard errors of the means. 
 
 
Figure 3.15 Mean seasonal botanical composition of perennial ryegrass-based pasture in the 
lysimeters, channels and cages at Larundel Dairy Farm, Canterbury for the period 
09/09/2011-07/09/2012. Botanical components identified were grass (■), white clover 
(□), weed (▩), and dead material (▨). Results are presented as a percentage of the 
total herbage yield. L1 measurements were excluded from the lysimeters. Error bars 
show the standard errors of the means. 
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interception yielded a high r2 of 0.97. The relationship between the GAI of the cut pasture and PAR 
interception followed a similar, although looser relationship, reflected by an r2 of 0.66 (Figure 3.17). 
GAI was, as expected, lower than the estimated LAIcept values (Section 3.2.5.3), reaching a maximum 
of 3.3. At a GAI of 1.6, 95% of PAR was intercepted.  
There was a strong relationship between channel measured LAIcept and GAI with an r2 of 0.85 (Figure 
3.18). ANOVA identified no differences between the GAI of the channels and the lysimeters 
(0.098<P<0.954) (Figure 3.19). Daily time series of LAIcept values estimated for the lysimeters is 
illustrated in Figure 3.20. LAI was assumed to increase linearly between measurement dates, and 
reduce to 0.6 after grazing. However, the initial LAI was likely greater than 0.6 due to the larger (~1.5 
t DM/ha) herbage residual post grazing/clipping (Section 3.3.2). The initial LAI was therefore estimated 
at 1.5 based on linear regression (not shown) of clipped lysimeter herbage mass against estimated LAI, 
assuming a starting residual of 1.5 t DM/ha (i.e. 0.5 t DM/ha above the standard 1.0 t DM/ha residual). 
As with growth rate and height, an initial peak in November was followed by a number of smaller peaks 
at the end of each subsequent regrowth cycle. 
 
Figure 3.17 Ceptometer measured photosynthetically active radiation (PAR) interception by the 
canopy against ceptometer measured leaf area index (LAIcept) (▲, △) and laboratory 
measured green area index (GAI) (●, ○) of perennial ryegrass/white clover pasture at 
Larundel Dairy Farm, Canterbury. Closed symbols represent channel measured values. 
Open symbols represent measurements taken in the wider pasture during late winter 
and early spring, both pre- and post- cutting to give a full spectrum of results. Forms of 
the fitted lines are y= (1.01±0.02) – (1.05±0.03) * (0.42±0.02)x (r2=0.97) for the 
relationship between PAR interception and LAIcept (―), and y= (0.98±0.03) – (1.11±0.35) 
* (0.10±0.06)x (r2=0.66) for the relationship between PAR interception and GAI (---).  
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Figure 3.18 Ceptometer measured leaf area index (LAIcept) against green area index (GAI) of 
perennial ryegrass-based pasture at Larundel Dairy Farm, Canterbury. Form of the fitted 
line is y= (6.53±0.800)-(8.45±0.740)*(0.44±0.110)x (r2=0.85). Closed symbols represent 
channel-measured values. Open symbols represent values measured in the wider 
paddock area during late winter and early spring.  
 
 
Figure 3.19 Lysimeter (▲) and channel (■) measured green area index (GAI) of perennial ryegrass 
pasture at Larundel Dairy Farm, Canterbury, for the period 09/09/2011-07/09/2012. 
Each point represents the GAI at the end of a full regrowth cycle. Treatment means for 
the lysimeters excluded L1 (△). The error bar shows the maximum standard error of the 
mean. 
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Figure 3.23 Residual analysis of observed and DairyMod-simulated herbage mass above the residual 
grazing height, of perennial ryegrass/white clover pasture at Larundel Dairy Farm, 
Canterbury for the period 09/09/2011-07/09/2012. (a) showsthe relationship between 
the observed and simulated yields for each regrowth cycle where solid lines (―) show 
the 1:1 relationship and dotted lines (---) are the fitted lines, (b) shows the residual yields 
(simulated-observed) over time and (c) the segmentation of the MSD in to the squared 
bias (□) and the lack of correlation (■). Form of the fitted line in (a) is y= (1.02±0.16)x - 
0.10±0.24 (r2=0.85)  
 
Simulated pasture leaf area index and height are compared with the lysimeter-grown pasture LAI and 
height measurements in Figure 3.24. Simulated LAI varied between 0.6 and 6.2 compared with the 
lysimeter data, which varied between 0.6 and 5.8. On average, the simulated mean daily LAI (1.8) was 
0.3 less than the mean daily observed LAI (2.1). Simulated canopy height varied between 43 and 346 
mm compared with 60 and 365 mm by the observed. The simulated mean daily canopy height (115 
mm) was 15 mm less than the measured (130 mm) value. The NSE coefficients and NRMSD values were 
0.52 and 0.58 for LAI and 0.60 and 0.30 for pasture height, respectively. Residual analysis identified a 
systematic under-estimation of both LAI and height, reflected by an SB contribution of 12% and 43% 
to the calculated MSDs, respectively. The potential effects of the assessed biases on PETc estimations 
are discussed in Section 3.4.2 and quantified in Chapter 4. 
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experimental period following winter growth at PF. On average, the height and LAI of the pasture at 
PF exceeded that at TSD by 8 mm and 0.1, respectively. When compared with that measured at LDF, 
LDF had a higher mean LAI (2.1) and pasture height (130 mm) (Table 3.12).  
  
Figure 3.25 Simulated total daily herbage mass (left) and accumulated daily herbage yields (right) of 
perennial ryegrass/white clover pastures at Three Springs Dairies (―) and Pendo Farms 
(―), for the period 09/09/2011-07/09/2012.  
 
 
Figure 3.26 Simulated daily pasture leaf area index (LAI) (left) and pasture height (right) of perennial 
ryegrass/white clover pastures at Three Springs Dairies (―) and Pendo Farms (―), for 
the period 09/09/2011-07/09/2012.  
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Table 3.12 Summary of herbage yields, pasture leaf area index and pasture height at Larundel Dairy 
Farm (LDF), Three Springs Dairies (TSD) and Pendo Farms (PF) for the period 09/09/2011-
07/09/2011. Values for LDF are the measured values except for the mean daily herbage 
yield at LDF, which was based on the daily simulated data. 
Canopy variable Statistic LDF TSD PF 
Total accumulated herbage yield (t DM/ha) 10.6 12.0 14.9 
Number of regrowth cycles 9 11 16 
Paddock herbage yields (t 
DM/ha/d) 
Mean  1.6 1.4 1.5 
Maximum  3.2 2.4 3.2 
Minimum 1.0 1.0 1.0 
Leaf area index  
Mean 2.1 1.5 1.6 
Maximum 5.8 2.9 4.2 
Minimum 0.6 0.7 0.7 
Canopy height (mm) 
Mean 130 100 108 
Maximum 365 185 260 
Minimum 60 47 50 
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followed by a summer slump in response to a change from the vegetative to the reproductive phase 
(Radcliffe & Baars, 1987), as also occurred at LDF. Similarly, Brougham (1959) reported rapid increases 
in early spring followed by a more gradual decline in summer in response to higher temperatures. 
There were no differences (0.085<P<0.84) in the growth of the pasture among the three measurement 
areas throughout the study, except for during autumn when the growth in the cages was greater 
(P=0.027) than in the channels and lysimeters. At this time there was a build-up of dead material at 
the base of the pasture sward in the channels and lysimeters (Plates 3.5a and 3.5b), which was not 
observed in the cages, as illustrated by Plate 3.5c. This probably restricted pasture growth in the 
channels and lysimeters compared with that of the cages. However, in practice such a difference would 
be considered minor.  
3.4.1.3 Temperature adjusted pasture growth 
Thermal time was quantified to compare pasture growth between the cages, lysimeters and channels, 
without the influence of temperature variance. 
The TAGR of the pastures at LDF of 3.9±0.16 kg DM/ha/°Cd from September 2011 to May 2012 (Figure 
3.13) was similar to the 4.1 kg DM/ha/°Cd reported by Tonmukayakul (2009) for a nitrogen-limited 
ryegrass/white clover pasture. Table 5.11 in Chapter 5 also identifies low annual TAGR values for 
irrigated, ryegrass-based pastures without N fertilisation of 4.3-5.2 kg DM/ha/°Cd. With N fertiliser, 
however, rates increased to 7.5 kg DM/ha/°Cd. Mills (2007) found rates of 7.2 kg DM/ha/°Cd were 
possible for a cocksfoot pasture, where neither water nor nitrogen were limiting (Section 2.3.2.3). The 
linear nature of the relationship between accumulated yield and thermal time in Figure 3.13 indicates 
that neither water nor temperature were limiting to growth. These results therefore suggest nitrogen 
was limiting to growth at LDF, which has been discussed further in Section 3.4.1.7.  
The flattening out of the relationship between accumulated herbage mass and accumulated Tt during 
April/May 2012 suggested that leaf extension was slow to recover after the last grazing of the season 
in early May (Figure 3.13), which resulted in a longer lag phase until the next season’s growth 
commenced with increased spring temperatures. 
The observed herbage mass accumulation has been compared to the potential non-limited herbage 
mass accumulation with a TAGR of 7 kg DM/ha/°Cd in Table 3.13. This enabled the potential production 
losses in the lysimeters at LDF due to insufficient N, as reflected in the low NNI values of 0.47-0.74 
(Figure 3.21), to be quantified. The comparison was undertaken for Regrowths 1-8, being the period 
(approximately) up to the point at which the TAGR changed (Figure 3.13). The method used by Lemaire 
et al. (1989) was applied to estimate non-limited herbage nitrogen (i.e. a NNI of least 0.8) as both a 
percentage of herbage mass and as a kg N/ha equivalent. This was compared with the measured 
nitrogen content of the herbage at LDF (Section 3.3.7). Herbage mass accumulation at LDF was 
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estimated to be ~64% of the optimum (Table 3.13). To attain optimum production with an NNI of 0.8, 
the pasture required 213 kg N/ha more nitrogen in addition to the 207 kg N/ha actually applied, 
totalling ~420 kg N/ha. Nitrogen deficiency therefore limited pasture growth.   
Table 3.13 Comparison of actual herbage mass (HM) and herbage nitrogen (N) content at Larundel 
Dairy Farm compared with that under non-limiting nitrogen conditions for Regrowths 1-
8 (09/09/2011- 04/05/2012). 
Regrowth 
cycle 
Thermal 
time (Tt)  
Optimum HM 
(kg DM/ha)1 
Actual HM (kg 
DM/ha)2 
Optimum herbage 
N3 
 
Actual herbage N 
 N% 
kg N/ha 
DM 
 
N% 
kg N/ha 
DM 
1 383 2682 3809 2.8 75  1.9 72 
2 208 1459 600 3.4 50  3.0 18 
3 259 1811 869 3.2 58  3.4 30 
4 266 1862 947 3.1 58  2.8 27 
5 244 1708 800 3.2 55  3.1 25 
6 238 1666 1056 3.3 55  3.8 40 
7 289 2021 1227 3.1 63  3.2 39 
8 349 2443 724 2.9 71  2.8 20 
Totals 2,236 15652 10032 3.1 484  3.0 271 
Note 1: Optimum HM calculated based on growth rate of 7.0 kg DM/ha/°Cd. 
Note 2: Actual HM is the observed lysimeter herbage mass for each regrowth cycle.  
Note 3: Optimum herbage N based on achieving a nitrogen nutrition index = 0.8. 
 
However, despite the low NNI values at LDF, the actual herbage N, excluding the first regrowth cycle, 
averaged ~3%, and only differed by 0.1-0.5 from the optimums estimated (Table 3.13). According to 
Peri (2002), at a nitrogen content of 3%, photosynthesis should be at ~80% of the maximum (Figure 
2.3). However, even if an additional 20% herbage production is added to the measured lysimeter 
herbage yield, which would give 12 t DM/ha, the optimal yield of 16 t DM/ha from September to May 
is still not attained. As neither water nor temperature were limiting and the leaf nitrogen content was 
not critical to photosynthesis, the reduced herbage production was likely in response to a loss of leaf 
area. This is not surprising as one of the principal effects of nitrogen supply on growth is in relation to 
canopy expansion and therefore light interception (Section 2.3.2.4). In the current study, it appears 
the pasture responded to the sub-optimal nitrogen supply through maintenance of a nitrogen content 
of ~3%, achieved through a reduction in the leaf area, which subsequently led to the observed sub-
optimal herbage production. With higher N inputs, the pasture would have maintained a similar leaf 
nitrogen content, as indicated in Table 3.13. However, higher production would have resulted in 
response to greater leaf expansion and light interception. This compares with that reported by 
Grindlay (1997) for field crops (e.g. wheat, Triticum spp.) and Fergusson (1999) for Barley (Hordeum 
vulgare L.), whereby the green area of the lamina was adjusted to control the nitrogen content in order 
to match the photosynthetic flux density during growth and maximise use of intercepted radiation 
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(Section 2.3.2.4). Accordingly, sole reliance on the nitrogen content of the pasture as a percentage of 
dry matter to quantify the N nutrition may not be sufficient.  
3.4.1.4 Botanical composition 
The seasonal trend of a reduced grass component in summer followed by an increase and peak during 
autumn (Figure 3.15) mirrored the trend identified by Baars et al. (1991) for a ryegrass/white clover 
pasture. Baars et al. (1991) also found the weed content of the sward increased in summer. The clover 
component, however, was greater than that measured at LDF, where clover growth was probably 
supressed by clover root weevil (Sitona lepidus) (B. McKercher, pers. comm., 4 Dec. 2012).  
The extended rotation period during spring when the pasture was grazed in early September and then 
spelled for seven weeks prior to harvesting for silage probably led to the senescence of older leaves as 
newer leaves were initiated. This increased the dead material component during the spring (Figure 
3.15). Fulkerson and Donaghy (2001) found that grazing or defoliation at the ‘3-leaf’ stage reduces 
senescence and stem build up and therefore produces higher quality herbage. Pasture growth beyond 
this stage increases senescence. Following the silage harvest, regular grazing throughout summer led 
to higher utilisation of the pasture, allowing the development and growth of new shoots and a 
reduction in the dead material component. 
The build-up of dead material at the base of the pasture sward in the lysimeters and channels was 
)reflected by the greater (P=0.041) proportion of dead material measured during autumn. At the end 
of the grazing season in May 2011, the cages were removed and on-going sampling of the wider 
paddock to quantify winter growth occurred outside of the original cage boundaries. For the lysimeters 
and channels, however, all measurements and sampling continued in-situ. Unlike in the lysimeters and 
channels where the pasture had been cut with grass shearers, cattle had defoliated the pasture in the 
wider paddock during the previous milking season where the winter measurements were taken. 
Defoliation by grazing involves ripping of the pasture (Porter, 2008) and therefore has a different effect 
compared with manual cutting (Cayley & Bird, 1991). This probably led to the differences in the weed 
(P=0.009) and grass (P=0.018) components observed among the treatments in winter. Annually 
however, no significant differences (P=0.09-0.712) existed in the botanical composition of the pasture 
produced in the lysimeters, channels and cages, and therefore the pasture data from the lysimeters 
was considered representative of the wider paddock. 
3.4.1.5 Pasture height 
As with growth rates, pasture height peaked in early spring, reaching 382±18.6 mm in the lysimeters, 
channels, and cages (P=0.064) (Figure 3.16). Regular (approximately three weekly) clipping/grazing by 
stock throughout the remainder of the growing season (i.e. until May) kept pasture height below ~250 
mm. Differences in the measured pasture height at the end of Regrowth 8, where the lysimeters and 
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channels were 32% shorter (P=0.027) than the cages, was probably due to the restricted growth in the 
channels and lysimeters caused by the build-up of dead material at the base of the pasture sward 
(Section 3.3.4). 
3.4.1.6 Leaf area and light interception 
Use of the relationship established between LAIcept and GAI of the channels (Figures 3.18 and 3.19) was 
found to be appropriate for estimating lysimeter LAI. Estimated LAI values of the lysimeter pasture 
ranged between 0.6, being the residual LAI after grazing, to a maximum of 5.8 following a seven-week 
period of growth during September-November 2011 (Figure 3.20). At the end of the first season 
grazing, however, the LAI of the residual herbage was estimated to be 1.5 (Section 3.3.6). According to 
Korte et al. (1982), post-grazing residual LAI values of 0.1-0.9 occur under a hard-grazed system, 
whereas residual LAI values of 0.9-3.0 could be expected under lax grazing (Section 2.3.2.5). The initial 
LAI of 1.5 was therefore representative of a more lax grazing event and the 0.6 representative of 
residual herbage under a hard-grazed system.  
At LDF, 95% interception in the channels was achieved at a LAIcept of approximately four (Figure 3.17), 
which is slightly higher than the value of three given by Akmal and Janssens (2004). The difference, 
however, may be attributable to the difference in measurement. In the current study measurements 
were taken at ground level through the use of channels, while it appears LAI values reported by Akmal 
and Janssens (2004) may have involved the instrumentation sitting on the soil surface. However, both 
values are within the range of 2.3-5 reported in the literature for ryegrass-based pastures by Brougham 
(1958) and Bircham and Hodgson (1983) (Section 2.3.2.4). In the current experiment, an LAI of at least 
four was achieved only 12% of the time, suggesting that for 88% of the experiment, pasture growth 
was below the maximum potential. This supports the assertion that the pasture was controlling canopy 
expansion in order to maintain a leaf nitrogen content of ~3% to optimise the use of the radiation 
captured (Grindlay, 1997), as discussed in Sections 3.4.1.3 and 3.4.1.7.  
3.4.1.7 Nitrogen 
Nitrogen concentrations of the pasture were lowest at the end of Regrowth 1 (01/11/2011), averaging 
1.95% (Figure 3.21). A nitrogen concentration of 2.6% is the critical value below which photosynthesis 
is severely constrained, while a concentration of 5.2% or greater is considered maximal (Peri et al., 
2002b) (Section 2.3.2.4). At the measured concentration of 1.95%, photosynthesis was only about 65% 
of the potential rate (Figure 2.3). However, the low value is likely a reflection of the inclusion of 
reproductive seed heads in the pasture sample, which contain more structural material with a lower 
nitrogen content (Section 2.3.2.1). Furthermore, the seven week period of non-grazing for the silage 
harvest resulted in a higher proportion of senesced material (Section 3.3.4), which also has a lower 
nitrogen status (Wilman et al., 1976). The nitrogen ratio of the leaf and stem (including inflorescence) 
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fractions were not determined in this study. However, a third of the total nitrogen has been associated 
with the stem fraction for a cocksfoot pasture by Waghorn et al. (1989). The leaf:stem fractions of 
ryegrass during flowering average 25:75, where the stem fraction includes the leaf sheath, stem, 
inflorescence and dead material (Chaves et al., 2006; Terry & Tilley, 1964). Using this ratio and the 
nitrogen ratio given by Wilman et al. (1976), the leaf nitrogen concentration of the perennial ryegrass 
pasture at the end of the first grazing rotation at LDF could be estimated to be about 2.3%. While this 
is greater than 1.95%, it is still nitrogen-limited. The absence of white clover (Section 3.3.4) reducing 
the fixation potential and the limited nitrogen fertiliser application pre-November, which consisted of 
a single 50 kg/ha application of urea in early September (Section 3.2.4.4), were both likely contributors 
to the low herbage N status. 
During summer, increased mineralisation of applied nitrogen with warmer temperatures (McLaren & 
Cameron, 1996) resulted in the nitrogen concentration of the pasture being maintained at ~3.2%, on 
average, at which ~80% photosynthesis is expected (Peri, 2002; Peri et al., 2002b). This indicates the 
leaf nitrogen content was not critically limiting to photosynthesis. Maximum values of 3.8±0.002% and 
3.7±0.002% were achieved in the cages and lysimeters, respectively, at the end of February 2012, 
which was followed by a decline into autumn as temperatures cooled and mineralisation decreased. 
Increases in the herbage N content the following spring were probably attributable to increased 
mineralisation with increasing temperatures (Figure 3.4). 
While, for a majority of the experiment, the leaf nitrogen was sufficient to maintain at least 80% 
photosynthetic efficiency (Figure 2.3), the nitrogen status, when assessed using the NNI, highlighted 
limiting nitrogen conditions in the lysimeter-grown pasture throughout the entire study period (Figure 
3.21). Mills et al. (2009) identified nitrogen deficiency to be the primary limiting factor in cocksfoot 
pasture production and found the accumulated herbage yield of irrigated cocksfoot pasture with an 
NNI of ~0.3-0.7 was less than half that of an irrigated cocksfoot pasture with an NNI above 0.8. Grindlay 
(1997) identified that the growth of leaves, and therefore herbage production, is a principal 
determinant of nitrogen demand as large contents of reduced nitrogen are required for photosynthetic 
leaf function. However, as discussed in Section 2.3.2.4, the influence of nitrogen supply on herbage 
production is not direct; rather the effect is on canopy expansion, and therefore the amount of 
radiation intercepted by the canopy. The canopy will control leaf extension in relation to the nitrogen 
available to maintain a specific leaf nitrogen in order to optimise photosynthetic efficiency (Grindlay, 
1997). This was reflected at LDF where the pasture maintained a nitrogen content of ~3%. The 
fluctuations in the data around this value were due to fluctuations in the pseudostem nitrogen content, 
rather than the leaf. This is supported by Mills (2007) who identified that fluctuations in the N content 
of a cocksfoot pasture were not evident in the nitrogen of the leaf component of the pasture when it 
was separated from the pseudostem, although the pseudostem maintained the fluctuations. For 
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compared with if the errors were more systematic, which would be represented by larger SB and/or 
NU components (Gauch et al., 2003) (Section 2.5). 
Accurate estimates of plant height and LAI are important for the estimation of PETc in Chapter 4, and 
underlie the reason for modelling pasture growth in this research. The simulated mean daily LAI and 
height under-estimated the observed by an average of 0.3 and 15 mm (Section 3.3.8), respectively. At 
LAI values above the critical 4.0 (Figure 3.17), maximum transpiration and photosynthesis occurs as 
most of the available radiation is intercepted by the canopy (Brougham, 1958; Pearce et al., 1965). 
Therefore, where both the simulated and observed values exceed 4.0, the effect of the assessed bias 
is minor. However, below the critical LAI, the bias can lead to an under-estimation of transpiration, 
and potentially evapotranspiration, as less radiation will be intercepted by the canopy. Chapter 5 will 
therefore assess the effects on PETc by comparing estimations using observed and simulated canopy 
LAI and height data for the lysimeters. 
The pasture parameter values used in the modelling (Table 3.8) have been compared to those 
identified by White et al. (2008) as being representative of a perennial ryegrass pasture in Canterbury 
(Section 2.3.2.6). In the current study, a rooting depth of 400 mm was found to  provide the best fit to 
the observed data, the same as that applied by White et al. (2008). As at LDF, White et al. (2008) also 
found that implementing high and low temperature stresses improved model predictions. However, 
the recovery (130°C sum) low temperature stress value at LDF was greater than the 30°C reported by 
White et al. (2008). The initial (-1°C) and full (-5°C) temperature stress values at LDF suggested low 
temperatures had a lesser effect on lysimeter pasture growth compared with the field-grown ryegrass 
simulated by White et al. (2008), who applied initial and full temperatures of 1°C and -3°C, respectively. 
Conversely, the initial high (24°C) and full (25°C) temperature stress values applied at LDF were lower 
than that used by White et al. (2008) (26°C and 30°C), but were necessary to obtain a reasonable fit 
between the observed and simulated data at LDF. However, as discussed in Section 3.2.6.1, high 
temperature stress should not be full at 25°C, but should be in the range of 29-31°C (Peri et al., 2002b; 
White et al., 2008).  As highlighted in Section 3.4.1.7, it appears that with the high temperature stress 
values applied at LDF, temperature becomes a more limiting factor in the model than nitrogen 
availability, and therefore the temperature response within the model won’t allow a nitrogen 
response.   
The higher NSE coefficient and lower NRMSD achieved without clover (Table 3.8) was in agreement 
with the measured botanical composition data which found clover to compose <1% of the pasture 
annually (Figure 3.14). 
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Figure 3.27 Nitrogen nutrition index (NNI) estimated from the simulated nitrogen content for 
perennial ryegrass-based pastures at Three Springs Dairies (—) and Pendo Farms (—) for 
the period 09/9/2011-07/09/2012. The dashed horizontal black line (---) represents an 
NNI of 0.8, below which N is limiting. 
 
The shorter mean and maximum pasture heights modelled at TSD and PF compared with those 
measured at LDF (Table 3.12) were due to a combination of the seven-week period of growth during 
September-November 2011 (Section 3.3.8). Excluding this period, the pasture height at LDF peaked at 
220 mm in the lysimeters (Figure 3.24), in between the 185 and 260 mm peak heights at TSD and PF, 
respectively. As with pasture height, the mean simulated LAI at TSD and PF was 29% and 24% lower 
than that measured at LDF, respectively. At TSD and PF, the LAI reached a maximum of 2.90 and 4.20, 
respectively. The maximum LAI achieved at TSD was therefore below the critical value of 4 identified 
at LDF but within the 2.30-4.70 range typical under grazing (Bircham & Hodgson, 1983). As at LDF, the 
low LAI of the pastures throughout the experiment was a direct consequence of limiting nitrogen 
conditions. The minimum LAI values of 0.60 at LDF and 0.70 at TSD and PF were all characteristic of 
hard-grazed systems (Korte et al., 1982). 
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3.5 Conclusions 
To test the hypothesis of this research, a sound understanding of the canopy and its development over 
time was required. To achieve this, pasture growth across three sites was quantified through on-site 
measurements and computer-based simulations using the biophysical model DairyMod. Several 
conclusions can be drawn from the pasture data.  
The data collected at LDF enabled the growth of the lysimeter-grown perennial ryegrass pasture to be 
described and quantified, as required by Objective 2 (Section 1.4). Specifically, growth in the lysimeters 
was found to be representative of that grown in the wider paddock area, and of that typical for a 
nitrogen-deficient pasture within Canterbury. 
Differences in pasture growth among the lysimeters (L2 and L3), channels, and cages at LDF was, for 
eight out of nine rotations, found to be non-significant, based on measurements and analyses of yields, 
average daily and temperature adjusted growth rates, canopy height, LAI, and canopy botanical 
composition. However, measurements undertaken at the end of the final regrowth cycle (Regrowth 8) 
of the 2011/12 season (04/05/2012) identified the cages to be different (P<0.05) to the channels and 
lysimeters. The pasture in the cages had a higher growth rate, height, LAI, and a greater grass 
component. On an annual basis, however, no differences were observed among the treatments and it 
can be concluded that growth in the lysimeters was representative of that in the channels and the 
wider paddock. Pasture growth in L1 was found to be not representative of the paddock, largely due 
to its greater flat weed content. 
Herbage accumulation at LDF was limited due to nitrogen deficiency, and therefore growth rates and 
yields were below optimum values identified for a Canterbury ryegrass pasture, but within the range 
reported in the literature for a nitrogen-deficient pasture in Canterbury. For the period September 
2011–May 2012 an additional 5,620 kg DM/ha (56%) could have been produced if nitrogen had been 
non-limiting. However, inorganic nitrogen applications would have had to have more than doubled to 
achieve this. The effect on herbage accumulation from the limited nitrogen supply was, however, 
found not to be direct. Rather, to maximise use of radiation intercepted by the canopy, the pasture 
leaf area was reduced so that a leaf nitrogen content of ~3% could be maintained. 
To achieve Objective 3, the biophysical model DairyMod was calibrated against measured pasture 
growth data at LDF then used to simulate pasture growth at TSD and PF. Over the experimental period, 
DairyMod predicted the total herbage accumulation at LDF to be within 6% (0.7 t DM/ha) of that 
measured. However, the daily LAI and pasture height predictions did not provide as close a match to 
the observed. Overall, DairyMod under-predicted the mean daily LAI by 0.3 (14%) and mean daily 
pasture height by 15 mm (11%). From the model, nitrogen limiting conditions were identified to persist 
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throughout the experiment at TSD and PF. The result was low leaf areas and consequently low total 
simulated herbage yields of 12 and 14.9 t DM/ha, respectively.  
When DairyMod was used to simulate optimal herbage production with increased nitrogen supply at 
LDF, it was discovered that the temperature parameter values within the calibrated model that were 
necessary to achieve a reasonable fit with the observed data limited a nitrogen response. Accordingly, 
despite the nitrogen fertiliser applied doubling, herbage production increased by a mere 0.4 t DM/ha/y 
and the mean daily leaf area index by 0.01. When temperature values published by White et al. (2008) 
were used, a nitrogen response was able to be generated. However, the model failed to correctly 
simulate the observed yield. 
Chapter 4 presents the results and a discussion of the pasture water use measurements. Daily outputs 
of LAI and height for the pastures at LDF, TSD and PF were used in the estimation of PETc, and the 
effect of the under-predictions of LAI and pasture height on the PETc estimations at LDF examined.
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where between times t1 and t2 (days), rainfall (R) and irrigation (I) inputs were measured on-site 
(Section 3.2.3.1) and changes in soil water content (θ) and drainage (D) from the lysimeters were 
recorded throughout the experiment. Surface water run-off (RO) was assumed zero at LDF due to the 
placement of rubber rims around the top of the lysimeters preventing surface redistribution of water 
(Section 4.2.1.1). Soil water flow modelling in HYDRUS was used to estimate the potential for surface 
water run-off at PF and TSD (Section 4.3.2.1). 
At LDF, where drainage was not recorded after 13/08/2012 due to flooding of the pit that housed the 
drainage collection and recording system (Section 4.2.2.1), actual water use estimations were 
calculated using simulated drainage data (Section 4.3.2). 
Estimations of daily AET (AETdaily) were calculated as follows: 
AETdaily = (AET(t2−t1)/PETo(t2−t1)) × Daily PETo 4.3 
 
4.2.3.2 Crop coefficient time series 
Crop coefficient (Kc) values were calculated for the nine lysimeters using Equation 2.37, over the same 
periods for which AET was calculated (i.e. between soil moisture measurements). Soil moisture 
measurements at each of the three sites were not taken on the same day as each other; therefore, to 
enable a like-for-like comparison among the sites, the Kc values were averaged to give mean monthly 
values throughout the experimental period. 
4.2.3.3 Potential evapotranspiration 
The PMFAO equation (Equation 2.42) was used in the estimation of daily PETo for each lysimeter site. 
The full PM equation (Equation 2.39), PT (Equation 2.43), DCC (Equations 2.44-2.46) and SWW 
(Equations 2.47-2.54) models were used to estimate daily PETc at each of the three lysimeter sites. 
Calculation of FAO-PETo, PM-PETc and DCC-PETc followed the processes given in Allen et al. (1998). PT-
PETc and SWW-PETc estimations followed the procedures given by Priestley and Taylor (1972) and 
Shuttleworth and Wallace (1985), respectively. Daily outputs of evapotranspiration from the DairyMod 
and HYDRUS models were also evaluated against the observed AET. 
Daily pasture LAI and height data used in the PETc calculations were the measured data for LDF 
(Sections 3.3.5 and 3.3.6) and simulated data for TSD and PF (Section 3.3.9). Climate data for the three 
sites were obtained from the on-site NIWA climate stations (Section 3.2.3). Where an estimate of the 
bulk stomatal resistance (r1) was required, a value of 100 s/m was assumed (Allen et al., 1998). Closed 
canopy and bare soil albedo values were assumed to be 0.23 (Allen et al., 1998) and 0.1 (Zhou et al., 
2006), respectively. For the DCC model, daily percentage ground cover was estimated from daily LAI, 
based on the relationship between PAR interception and LAI (Figure 3.17), with the degree of PAR 
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The van Genuchten-Mualem soil hydraulic model (van Genuchten, 1980) (Equation 2.32) was selected 
for the soil hydraulic properties. The soil hydraulic input parameters (coefficients α and n, the residual 
water content θr, and the saturated water content θs) were derived by fitting soil water retention data 
adjusted for stone content (Table 3.2) for each soil layer using the RETC package (version 6.02) (van 
Genuchten et al., 1991) (Section 2.3.3.4) (Pang et al., 2008; Sarmah et al., 2006). Mualem (1976) 
estimated the pore connectivity parameter ‘l’ in the hydraulic conductivity function to average 0.5 for 
most soils. Saturated hydraulic conductivity (Ksat) was not measured on-site, and no estimates could 
be found in the literature, therefore, Ksat values were estimated for each layer with Rosetta (Section 
2.3.3.4) from soil textural and bulk density data (Appendix 1, Table 3.2) (Pang et al., 2008; Schaap et 
al., 2001). Table 4.1 provides a summary of the soil hydraulic parameters for each soil layer. Appendix 
11 provides plots of the soil water retention curves at LDF.  
Table 4.1 Saturated hydraulic conductivity estimated from soil textural and bulk density data and 
van Genuchten (1980) soil hydraulic parameters estimated using RETC from measured 
water retention data for a Darnley silt loam soil at Larundel Dairy Farm, Canterbury. 
Soil layer 
Depth 
(mm) 
θr 
(mm3/mm3) 
θs 
(mm3/mm3) 
α  
(1/mm) 
n  
 
l  
 
Ksat  
(mm/d) 
1 0-180 0 0.43 0.00065 1.17 0.5 175 
2 180-520 0 0.31 0.0092 1.11 0.5 77 
3 520-700 0.03 0.18 0.0025 2.24 0.5 2002 
Note: θr and θs are the residual and saturated water contents, Ksat the saturated soil hydraulic conductivity, l the 
tortuosity parameter in the conductivity function and α and n parameters in the soil water retention function. 
 
Root water uptake was simulated using the Feddes water uptake reduction model (Feddes et al., 2001; 
Feddes et al., 1978) (Section 2.3.3.4). Default root water uptake parameters in HYDRUS, suggested by 
Wesseling (1991), are given in Table 4.2. The critical stress water uptake index (or root adaptability 
factor) was set to zero to allow fully compensated root water uptake. The minimum allowed pressure 
head at the soil surface, below which soil evaporation is restricted, was set at the model default suction 
of -150 m (-1500 kPa). 
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Table 4.2 Default HYDRUS-1D root water uptake parameters for use in the Feddes et al. (1978) 
model, as given by Wesseling (1991). 
Feddes input parameters Parameter value (Wesseling, 1991) 
h1 (mm) -100 
h2 (mm) -250 
h3high (mm) -2,000 
h3low (mm) -8,000 
h4 (mm) -80,000 
Tlow (mm/d) 5 
Thigh (mm/d) 1 
Note: h1 is the soil water pressure head at saturation and h4 is the pressure head at the wilting point, above and below which 
water uptake ceases, respectively. h2 and h3 represent the soil water pressure heads between which water uptake is maximal. 
Below pressure head h3, water uptake reduces and varies with the potential transpiration rate (T). 
 
Sensitivity analysis overview 
A sensitivity analysis was performed on a number of the assumed model variables, including the 
pasture rooting depth, soil hydraulic parameters Ksat and I, the depth of ponding permitted at the 
surface, and on the assumed root water uptake parameters for the lysimeter-grown pasture at LDF.   
Estimated Ksat values from Table 4.1 and a value of 0.5 for the tortuosity parameter I were initially 
assumed, as were the default root water uptake parameters given in Table 4.2. Parameters were 
adjusted according to the intervals specified in Table 4.3. The range tested for each of the parameters 
was based on a combination of the model default values, values reported in the literature and iterative 
adjustment of the parameters sufficient to allow a trend to be identified. Pasture rooting depths of 
300-700 mm were assessed at 100 mm intervals. Within the literature rooting depths of 40-1100 mm 
have been reported for ryegrass pastures (Garwood & Sinclair, 1979; McKenzie et al., 1990; Parry et 
al., 1992; White & Snow, 2012). However, a maximum of 700 mm was used, as 700 mm was the base 
of the soil profile described in the model. The estimated pore-connectivity parameter l and the Ksat 
values were iteratively decreased and increased on a percentage basis, from 80-120% for l and 50-
150% for Ksat. The allowed ponding depth and the root water uptake parameters were also iteratively 
increased and decreased from the default values, as detailed in Table 4.3.  
The sensitivity process involved manually altering a single parameter while all others were held 
constant, and iteratively running simulations. The simulated daily drainage below 700 mm was 
statistically compared with the average daily lysimeter drainage data using the NSE coefficient and 
NRMSD (Section 2.5). For each tested parameter, the value that gave the highest NSE coefficient and 
lowest NRMSD was selected. Table 4.3 and Appendix 12 provide a summary of the sensitivity analyses 
performed, and the resultant NSE and RMSD values. Typically, NSE >0.8 and NRMSD <0.2 is indicative 
of an accurate representation by the model of the observed data (Section 2.5). HYDRUS enables soil 
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hydraulic properties to be determined using an inverse solution function, however, when this was 
applied the model either wouldn’t converge, or if tolerances within the model were reduced to enable 
the model to converge, the solution was the initial input values given in Table 4.1. Accordingly, as with 
the DairyMod sensitivity analysis (Section 3.2.6.1), it is possible that a local rather than global optimum 
was achieved due to the incremental, iterative approach taken. 
Table 4.3 Sensitivity analysis comparing different pasture rooting depths and soil hydraulic and 
root water uptake parameters in HYDRUS-1D drainage prediction simulations from 
irrigated, lysimeter-grown perennial ryegrass/white clover pasture at Larundel Dairy 
Farm, West Eyreton, Canterbury.  
Parameters Range tested 
Change 
increments 
NSE range  
NRMSD 
range  
Selected 
values 
Rooting depth 300 – 700 100 0.76 – 0.80 1.45 – 1.61 700 
Soil hydraulic 
parameters1,2 
l  0.80-1.20 0.05 0.80 1.45 – 1.46 1 
Ksat (mm/d) 0.5 – 1.5 0.25 0.78 – 0.80 1.45 – 1.54 1 
Ponding depth (mm) 0 – 25 mm 5 0.80 1.45 5 
Root uptake 
parameters3 
h1 (mm) -350 – 0 100 0.80 – 0.83 1.32 – 1.45 -250 
h2 (mm) -400 – -250 50 0.83 – 0.84 1.31 – 1.32 -300 
h3high (mm) -5,000 – -1,000 1,000 0.84 1.31 – 1.32 -2,000 
h3low (mm) -10,000 – -6,000 1,000 0.84 1.31 – 1.32 -8,000 
h4 (mm) 
-90,000 – -60,000 10,000 0.84 1.31 – 1.32 
-80,000 
-150,000 – -90,000 20,000 0.84 1.31 – 1.32 
Tlow (mm/d) 0 – 3 1 0.84 1.31 – 1.32 5 
Thigh (mm/d) 3 – 6 1 0.84 1.31 – 1.32 1 
Note 1: Range tested refers to the relative values of the assessed parameters to the default parameters in Table 4.1. 
Note 2: I is a tortuosity parameter and Ksat is the saturated hydraulic conductivity.  
Note 3: h1 is the soil water pressure head at saturation and h4 is the pressure head at the wilting point, above and below 
which water uptake ceases, respectively. h2 and h3 represent the soil water pressure heads between which water uptake 
is maximal. Below pressure head h3, water uptake reduces and varies with the potential transpiration rate (T). 
 
NSE is the Nash-Sutcliffe efficiency and NRMSD is the root mean square deviation normalised to the mean of the 
observed, used to compare the simulated and observed drainage from the 700 mm soil profile. 
 
Results of the sensitivity analysis at LDF 
NSE coefficients of 0.76-0.84 were achieved, alongside NRMSD values of 1.31-1.61 (Table 4.3, 
Appendix 12). The high NRMSD values compared with the reasonable NSE coefficients were due to the 
large range in daily (0-33 mm/d) observed drainage values and a number of zero, or near zero (i.e. <0.5 
mm/d), drainage days (258 days), reducing the mean. 
A rooting depth of 700 mm was found to provide the closest match between the observed and 
simulated drainage with an NSE of 0.80 and NRMSD of 1.45, which is greater than the 400 mm rooting 
depth identified for the lysimeters with DairyMod (Section 3.2.6.1). Changing the soil hydraulic 
parameter ‘l’ had a minor effect of 0.01 on the NRMSD but no effect on the NSE. The standard value 
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suggested by Mualem (1976) of 0.5 was therefore maintained. Changes to the estimated Ksat values in 
Table 4.1 reduced the NSE and increased the NRMSD; therefore, the Table 4.1 values were used. 
Changes to the surface ponding depth also had no effect on the predictions, as infiltration was 
sufficient to prevent any ponding or surface run-off of water. Maintenance of the default root water 
uptake parameters in Table 4.2 resulted in the highest NSE coefficient (0.84) and lowest NRMSD (1.31 
mm/d), except for h1 and h2, which each increased the NSE coefficient from 0.80-0.83 and from 0.83-
0.84, respectively, when reduced to -250 and -350 mm from the default -100 and -250 mm values, 
respectively. While these changes are reasonably small, the criteria for selection of parameters were 
to increase the NSE and reduce the NRMSD. Therefore, the values that best met these criteria were 
selected. 
4.2.4.2 HYDRUS - Three Springs Dairies and Pendo Farms 
As at LDF, HYDRUS simulations at TSD and PF were run for 373 days from 07 September 2011 through 
to 14 September 2012.  
The soil surface boundary condition at both sites involved actual daily precipitation, which included 
irrigation (Figure 3.2), and potential evaporation and transpiration rates calculated using the SWW 
model (Section 4.3.5). Unlike at LDF, water redistribution at the surface was permitted as rubber rims 
were not installed around the lysimeters at TSD or at PF until December 2011 (Section 4.2.1.1). The 
bases of the lysimeters were simulated using a seepage face. At PF a wick was installed at the lysimeter 
base so a constant suction of 500 mm was applied (Section 4.2.1.1) (Sansoulet et al., 2008; van der 
Velde et al., 2005). The same rooting depth of 700 mm and root water uptake parameters tested at 
LDF were applied at TSD and PF.  
A range of data was available for estimation of the soil hydraulic parameters (α, n, θr, and θs) used in 
the van Genuchten-Mualem model (Equation 2.32) and for the estimation of Ksat.  
At TSD soil hydraulic data were determined by Dr Rogerio Cichota (pers. comm., 19 Dec. 2014) from a 
combination of on-site measurements and the use of pedotransfer functions (Cichota et al., 2013) to 
derive soil hydraulic properties for the lysimeter site (Appendix 13). The available data allowed for the 
Brooks and Corey (1964) model to be used (Equations 2.30 and 2.31) to obtain a series of points (pairs 
of soil matric potential and water content) (Appendix 14). These were then fitted to the van 
Genuchten-Mualem model using RETC (version 6.02) (van Genuchten et al., 1991) (Section 2.3.3.4). As 
at LDF, the pore connectivity parameter l was set to 0.5 everywhere. Table 4.4 provides a summary 
of the estimated soil hydraulic parameters for each soil layer at TSD.  
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Table 4.4 Soil hydraulic parameters estimated for a Lismore silt loam soil at Three Springs Dairies, 
Methven, Canterbury. 
Soil layer 
Depth 
(mm) 
θr 
(mm3/mm3) 
θs 
(mm3/mm3) 
α  
(1/mm) 
n  
 
l  
 
Ksat  
(mm/d) 
1 0-100 0.033 0.394 0.0050 1.18 0.5 10656 
2 100-300 0.030 0.345 0.0022 1.20 0.5 3091 
3 300-500 0.018 0.308 0.0024 1.23 0.5 2342 
4 500-700 0.036 0.147 0.0047 1.53 0.5 12103 
Note: θr and θs are the residual and saturated water contents, Ksat the saturated soil hydraulic conductivity, l the 
tortuosity parameter in the conductivity function and α and n parameters in the soil water retention function. 
 
Available data for PF included on-site textural and bulk density measurements (Appendix 3) and 
published water retention data for Templeton silt loam soils in Canterbury (Fraser et al., 1994; Watt & 
Burgham, 1992) (Appendix 15). Rosetta Lite, version 1.1 (Rosetta) (Schaap et al., 2001) (Section 2.3.3.4) 
was used to estimate the soil hydraulic parameters firstly from soil textural data and secondly from a 
combination of the soil textural and bulk density data. RETC (version 6.02) (van Genuchten et al., 1991) 
was used to predict soil hydraulic parameters from the soil water retention data published by Fraser 
et al. (1994) and Watt and Burgham (1992). Each of the resultant van Genuchten soil hydraulic 
parameter sets and saturated hydraulic conductivity values (Table 4.5) was tested in HYDRUS. The 
parameter set that resulted in the highest NSE coefficients and lowest NRMSD values when the 
measured average lysimeter drainage and soil moisture data were compared with the modelled 
outputs on a daily and then a weekly-fortnightly basis was selected. The results of the sensitivity 
analyses (Table 4.6) identified the data given by Watt and Burgham (1992) for the Templeton (2) and 
(3) soils to provide the highest NSE values and closest prediction of total drainage over the 
experimental period. The Templeton (2) soil hydraulic parameter and conductivity estimates were 
selected over the Templeton (3) estimates due to the fuller set of data available. Appendix 16 provides 
plots of the soil water retention curves at PF.  
The high NRMSD values of 2.43-7.22 and 0.64-2.43 for the daily and weekly-fortnightly drainage data 
comparison in Table 4.6, respectively, when compared with the reasonable NSE coefficients, were due 
to the number of zero drainage days (312 days), reducing the observed mean. 
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Table 4.5  Saturated hydraulic conductivity and van Genuchten (1980) soil hydraulic parameters 
estimated from soil textual (%SSC) and bulk density data using Rosetta and from water 
retention data reported in the literature for a Templeton silt loam soil in Canterbury 
using RETC.  
Soil depth (mm) 
θr  
(mm3/mm3) 
θs 
(mm3/mm3) 
α  
(1/mm) 
n  
 
Ksat  
(mm/d) 
l  
 
% SSC 
0-220 0.077 0.462 0.0006 1.61 127 0.5 
221-400 0.077 0.462 0.0006 1.61 127 0.5 
401-700 0.077 0.462 0.0006 1.61 127 0.5 
%SSC + bulk density 
0-220 0.076 0.455 0.0006 1.63 182 0.5 
221-400 0.072 0.420 0.0006 1.61 96 0.5 
401-700 0.070 0.406 0.0006 1.59 74 0.5 
Watt and Burgham (1992): Templeton deep silt loam on sand (1) 
0-220 0.000 0.571 0.0500 1.15 2765 0.5 
221-350 0.093 0.514 0.0034 1.37 79 0.5 
351-700 0.000 0.482 0.0058 1.38 181 0.5 
Watt and Burgham (1992): Templeton deep silt loam on sand (2) 
0-220 0.000 0.410 0.0016 1.15 5357 0.5 
221-340 0.000 0.437 0.0232 1.11 346 0.5 
341-700 0.005 0.445 0.0042 1.17 85 0.5 
Watt and Burgham (1992): Templeton deep silt loam on sand (3)1 
0-190 0.000 0.439 0.0029 1.13 5875 0.5 
191-500 0.005 0.382 0.0083 1.09 238 0.5 
501-700 0.005 0.445 0.0042 1.17 85 0.5 
Fraser (1992): Templeton deep silt loam 
0-250 0.000 0.468 0.0300 1.10 5880 0.5 
251-450 0.000 0.421 0.0278 1.11 2400 0.5 
451-600 0.100 0.552 0.0011 1.76 24 0.5 
601-700 0.085 0.555 0.0009 1.85 24 0.5 
Note 1: No water retention data were given for the Templeton (3) soil (Watt & Burgham, 1992) below 500 
mm, therefore the soil hydraulic parameters determined for Templeton (2) were assumed.   
 
θr and θs are the residual and saturated water contents, Ksat the saturated soil hydraulic conductivity, l the 
tortuosity parameter in the conductivity function and α and n parameters in the soil water retention 
function. 
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Potential evapotranspiration estimations were compared against lysimeter AET. Simulated outputs 
that generated the highest NSE coefficient and lowest NRMSD were deemed to provide the best fit 
with the observed data. 
To gain further insight into causes of the DairyMod and HYDRUS model deviations from the observed 
data, the MSD was partitioned into the squared bias (SB), non-unit slope (NU) and lack of correlation 
(LC), as given by Equations 2.58-2.61. 
Where data are presented in tables, italicised font has been used to distinguish simulated results from 
measured data, for which normal font has been maintained.  
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total inputs of water. Accordingly, there was less drainage at PF compared with at LDF and TSD. On 
several occasions, the lysimeters at LDF and TSD were irrigated either just prior to, on the same day 
as, or shortly after, rainfall, which led to drainage (Figure 4.3). Of the total drainage measured, it was 
estimated that 41-66 mm (average of 53 mm) at LDF and 11-50 mm (average of 26 mm) at TSD occurred 
shortly after irrigation, suggestive of over-irrigation. At PF <0.1 mm of drainage occurred following 
irrigation.  
  
Figure 4.3 Stacked daily rainfall (■), irrigation (■) and drainage from the base of the lysimeters 
(■) at Larundel Dairy Farm (LDF), Three Springs Dairies (TSD) and Pendo Farms (PF) for 
the period 07/09/2011-14/09/2012. Drainage data presented for LDF for the period 
14/08/2012-14/09/2012 are the modelled lysimeter drainage, the starting date for 
which is indicated ( ) (Section 4.3.2). 
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4.3.1.2 Soil moisture 
Figure 4.4 provides a time series of the mean lysimeter volumetric soil moisture contents measured at 
150 mm, 250 mm, 350 mm, 450 mm and 550 mm depths at LDF, TSD, and PF, relative to the soil 
moisture content at field capacity and at the critical capacity, below which pasture production is 
adversely affected. 
The measured volumetric soil moisture content of the lysimeters at LDF remained at or just above field 
capacity throughout the study. While some variation in the water content did occur, primarily in the 
upper 0-200 and 200-300 mm layers, regular irrigation water inputs over the irrigation season (Figure 
4.3) ensured the critical soil moisture content of ~17% was not reached (Section 3.2.2.1).  
At TSD the soil moisture content of the lysimeters also remained near field capacity throughout the 
study period, except on two occasions during late December 2011 to mid-January 2012 and April 2012, 
where the soil water deficit reached 30% and 20% of the plant available water, respectively. However, 
the soil moisture was maintained above the critical level.  
Despite irrigation and rainfall inputs throughout the study period, soil moisture deficits occurred at PF. 
The volumetric water content of the soil fell just below the critical level for approximately a one-week 
period mid-January 2012 and again for approximately two-weeks from early to mid-February 2012. 
However, 21.2 mm of rainfall on the 22/01/2012 and a series of smaller rainfall and irrigation events 
from the 18-23/02/2012 (Figure 4.3) increased the soil moisture above the critical deficit.  
These results differ from the estimated actual soil moisture deficits calculated from the measured 
irrigation, rainfall and PETo data for each of the three sites (Figure 3.2), and therefore suggest that PETo 
over-estimated the actual evapotranspiration. This has been addressed in Section 4.3.5. 
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Figure 4.4 Mean lysimeter volumetric soil moisture content (%)with depth at Larundel Dairy Farm (LDF), Three Springs Dairies (TSD), and Pendo Farms (PF), for 
the period 24/08/2011-14/09/2012. Volumetric contents at field capacity (θFC) and the critical capacity (θL) are also shown. Total average θFC values 
for each of LDF, TSD and PF are 161, 192, and 239 mm, respectively, and total average critical capacity values for each site are 123, 144, and 174 mm, 
respectively. Stars (*) indicate the depths of soil moisture measurement, crosses (X) indicate measurement dates. 
LDF 
TSD 
PF 
Date 
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Figure 4.5 Mean lysimeter observed (solid line) and DairyMod-simulated (dashed line) 
accumulated drainage below perennial ryegrass/white clover pastures at Larundel Dairy 
Farm (―), Three Springs Dairies (―) and Pendo Farms (―) for the period 07/09/2011-
14/09/2012. No drainage was recorded for the period 14/08/2012-14/09/2012 at LDF, 
the starting date for which is indicated ().  
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Figure 4.6 Residual analysis of observed and DairyMod-simulated lysimeter drainage below 
perennial ryegrass/white clover pastures at Larundel Dairy Farm (▲) (LDF), Three 
Springs Dairies (◆) (TSD) and Pendo Farms (●) (PF), for the period 07/09/2011-
14/09/2012. No drainage was recorded for the period 14/08/2012-14/09/2012 at LDF. 
Plots show the relationship between the observed and simulated drainage where solid 
lines (―) show the 1:1 relationship and dotted lines (---) are the fitted lines (left), 
residuals (simulated-observed) over time (centre) and the segmentation of the MSD into 
the squared bias (□), the non-unit slope (■,■,■) and the lack of correlation (■,■,■) 
(right). Forms of the fitted lines are: (a) y= (0.88±0.06)x + 0.36±1.22 (r2=0.87), (d) y= 
(0.72±0.04)x – 2.06±1.33 (r2=0.89), and (g) y= (0.80 ±0.05)x – 1.50±0.85 (r2=0.87). 
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Table 4.7 Summary statistics indicating DairyMod and HYDRUS performance in the prediction of lysimeter drainage, between successive soil moisture 
measurements, and soil moisture content at Larundel Dairy Farm, Three Springs Dairies and Pendo Farms for the period 07/09/2011-14/09/2012. CV 
is the coefficient of variation, NSE is the Nash-Sutcliffe efficiency, and RMSD and NRMSD are the standard and normalised root mean square errors, 
respectively. Drainage values for Larundel Dairy Farm relate to the period 07/09/2011-13/08/2012.  
Site Summary Statistic 
Drainage (mm)  Soil moisture content (%) 
Observed 
HYDRUS DairyMod  
Observed 
HYDRUS DairyMod 
Simulated Bias Simulated Bias  Simulated Bias Simulated Bias 
Larundel 
Dairy 
Farm 
Maximum (mm/d, %) 32.6 30.4 -2.1 30.1 -2.4  29.8 28.9 -0.9 27.8 -2.0 
Minimum (mm/d, %) 0.0 0.0 0.0 0.0 0.0  26.7 24.0 -2.8 19.4 -7.3 
Mean (mm/d, %) 0.9 1.0 0.1 1.1 0.1  28.3 26.6 -1.7 23.1 -5.2 
Sum (mm) 322 349 27 362 40  - - - - - 
CV (%) 332 320 -12 255 -77  3 5 2 8 5 
NSE - 0.81 - 0.85 -  - -4.59 - -46.5 - 
RMSD (mm, %) - 6.59 - 5.74 -  - 1.87 - 5.4 - 
NRMSD - 0.70  - 0.61 -  - 0.07 - 0.19 - 
Three 
Springs 
Dairies 
Maximum (mm/d, %) 37.9 47.0 9.1 50.4 12.5   29.4 26.2 -3.2 28.4  -1.0  
Minimum (mm/d, %) 0.0 0.0 0.0 0.0  0.0   23.5 19.7 -3.8 24.0 1.5  
Mean (mm/d, %) 1.1 1.7 0.6 1.8  0.3   27.6 24.2 -3.4 26.9  -0.7  
Sum (mm) 396 617 221 658  262   - - - - - 
CV (%) 331 340 11 320  -9   6 7 1 3  -3  
NSE - 0.73 - 0.62 -  - -4.32 - 0.17  - 
RMSD (mm, %) - 10.15 - 12.0  -  - 3.47 - 1.37  - 
NRMSD - 0.95 - 1.12 -  - 0.13 - 0.05  - 
Pendo 
Farms 
Maximum (mm/d, %) 37.0 25.5 -11.5 34.2  -2.8   36.9 40.1 3.2 39.2  2.3  
Minimum (mm/d, %) 0.0 0.0 0.0 0.0  0.0   24.5 26.6 2.1 28.1  3.6 
Mean (mm/d, %) 0.3 0.4 0.1 0.6  0.3   30.3 32.5 2.2 32.7  2.4  
Sum (mm) 108 131 23 207  99   - - - - - 
CV (%) 725 459 -266 374  -351   13 12 1 7  -6  
NSE - 0.98 - 0.78 -  - 0.62 - -0.03  - 
RMSD (mm, %) - 1.83 - 6.30  -  - 2.33 - 3.84  - 
NRMSD - 0.64 - 2.22  -  - 0.08 - 0.13  - 
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Observed and HYDRUS-simulated daily accumulated drainage over the experimental period at LDF, 
TSD and PF is shown in Figure 4.7. Figure 4.8 provides a residual analysis of drainage data, summed 
between soil moisture measurement dates over the experiment, for the three sites. 
At LDF, HYDRUS predicted the total drainage to be 349 mm, 27 mm (8%) more than that observed for 
the period 07/09/2011-13/08/2012 (Figure 4.7). This was an improvement of 4% from that simulated 
by DairyMod. The HYDRUS-simulated daily drainage followed the measured drainage closely. There 
were eight drainage events where the observed exceeded 10 mm/d. For six of the eight, the simulated 
drainage was within 1.4-2.8 mm (5-24%) of the observed. For the remaining two events of 11 and 15 
mm (09/11/2011 and 10/11/2011), the simulated drainage was within 6 and 9 mm of the observed. 
The result was a low mean daily bias of 0.1 mm, an NSE coefficient of 0.84 and RNRMSD of 1.45 (Table 
4.7). When summed between soil moisture measurement dates (i.e. on a weekly-fortnightly basis), the 
NSE was 0.81 and NRMSD of 0.70. As with the DairyMod results, the high NRMSD values were caused 
by the large range in observed drainage values and the 258 days of zero or near zero drainage, reducing 
the observed mean (Table 4.7). When compared with the DairyMod results, the residual analyses 
indicated a reduction in the LC component of the MSD from 86% to 53%, represented by a higher r2 
with HYDRUS. However, the NU component increased and was reflected in a slope further from one 
of 0.76±0.05 compared with 0.88±0.06 for DairyMod. 
HYDRUS-simulated drainage at TSD also followed the pattern of the observed, although, as with 
DairyMod, HYDRUS persistently over-estimated drainage (Figure 4.8d-e). For example, there were 10 
drainage events where the observed exceeded 10 mm/d. However, HYDRUS-simulated 18 drainage 
events of 10 mm/d or greater. Over the experimental period, HYDRUS predicted the total drainage to 
be 617 mm, 221 mm (56%) more than the observed (Figure 4.7), which was an improvement on the 
658 mm predicted by DairyMod. The NSE coefficient of 0.73, when the simulated and observed 
drainage were compared on a weekly-fortnightly basis, and NRMSD of 0.95 indicated an improved fit 
when compared with DairyMod (Table 4.7). The lack of agreement by both DairyMod and HYDRUS 
with the observed data is discussed in Section 4.3.2.2.  
HYDRUS also over-estimated the total drainage at PF. Over the experiment, HYDRUS-simulated a total 
of 131 mm of drainage compared with the observed 108 mm, a difference of 23 mm (21%) (Figure 4.7). 
However, this provided a 70% improvement on that simulated with DairyMod (Table 4.7). The NSE 
coefficient achieved by HYDRUS was high at 0.84 and 0.98 when the observed and simulated drainage 
data were compared on a daily and weekly-fortnightly basis, with NRMSD values of 3.07 and 0.64, 
respectively (Table 4.7). HYDRUS also led to a reduction in the SB and NU components of the MSD, 
with a majority (90%) attributable to a lack of correlation, and a higher r2 of 0.98 was achieved 
compared with the DairyMod results (0.87). 
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No run-off was predicted from the PF or TSD lysimeters, and run-off at LDF was prevented by the 
rubber rims installed around the top of the lysimeters (Section 4.2.1.1).  
 
Figure 4.7 Mean lysimeter observed (solid line) and HYDRUS-simulated (dashed line) daily 
accumulated drainage below perennial ryegrass/white clover pastures at Larundel Dairy 
Farm (―) (LDF), Three Springs Dairies (―) and Pendo Farms (―) for the period 
07/09/2011-14/09/2012. No drainage was recorded for the period 14/08/2012-
14/09/2012 at LDF, the starting date for which is indicated ().   
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Figure 4.8 Residual analysis of observed and HYDRUS-simulated lysimeter drainage below 
perennial ryegrass/white clover pastures at Larundel Dairy Farm (▲) (LDF), Three 
Springs Dairies (◆) (TSD) and Pendo Farms (●) (PF), for the period 07/09/2011-
14/09/2012. No drainage was recorded for the period 14/08/2012-14/09/2012 at LDF. 
Plots show the relationship between the observed and simulated drainage where solid 
lines (―) show the 1:1 relationship and dotted lines (---) are the fitted lines (left), 
residuals (simulated-observed) over time (centre) and the segmentation of the MSD into 
the squared bias (□), the non-unit slope (■,■,■) and the lack of correlation (■,■,■) 
(right). Forms of the fitted lines are: (a) y= (0.76±0.05)x + 1.93±1.04 (r2=0.90), (d) y= 
(0.72±0.02)x – 1.37±0.74 (r2=0.96), and (g) y= (1.01 ±0.02)x – 0.62±0.30 (r2=0.98). 
  
4.3.2.2 Simulated drainage – further investigation  
Differences are evident between the observed and simulated (DairyMod and HYDRUS) drainage at TSD 
and PF. These differences arose in response to physical restrictions of the lysimeters preventing 
redistribution of water on to the lysimeters from the surrounding pasture. Rather, the lysimeters 
facilitated the run-off of water only (discussed below). Accordingly, with the run-off of water but no 
run-on, the total water infiltrating the soil profile was reduced, which in turn reduced the potential for 
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drainage from the lysimeters. The models, however, translated this loss of water from the lysimeter 
surface as drainage, as no restrictions such as those created by the lysimeters existed within the 
models, and is likely representative of what would have occurred under standard paddock conditions 
(Section 4.4.2). This was highlighted at LDF where a close fit was achieved between the observed and 
simulated drainage due to the rubber rims installed around the top of the lysimeter casings, preventing 
run-off (Figure 4.5). Similarly, at PF, when the drainage was separated and compared with that 
modelled pre- and post-installation of the rubber rims in December 2011, pre-installation, the models 
over-estimated the observed drainage but post-installation, a closer fit was achieved (Figure 4.9). 
DairyMod over-estimated drainage by 31 mm (214%) before and 67 mm (72%) after the rubber rims 
were installed. HYDRUS over-estimated the drainage pre-rim installation by 13 mm (90%). Once the 
rims were installed, the drainage predicted by HYDRUS was within 10 mm (10%) of that observed. 
Accordingly, the degree of over-estimation reduced once the rims were in place. The closer fit in 
modelled and observed drainage at LDF and at PF, once the rubber rims were installed, provided some 
indication that the lack of rubber rims at TSD may have led to the over-estimation of the observed 
drainage by the models at TSD. 
At PF and TSD, a build-up of organic material in the lysimeters over time is considered to have 
prevented redistribution of water onto the lysimeters from the surrounding pasture, but enabled run-
off (Section 4.4.2). Plate 4.4 illustrates the change in the lysimeter surface at TSD. At the time of 
installation the tops of the lysimeter casings were positioned just above (~10 mm) the ground surface 
(Section 4.2.1.1). Over time, organic material built up to the point where the rims were nearly 
completely covered, and the difference in the surface level of the lysimeter with that of the 
surrounding ground was up to 10 mm. When rain fell in excess of the infiltration capacity of the soil, 
water ran off the lysimeter surfaces, but was prevented from running on. Accordingly, the measured 
lysimeter drainage was lower than the potential. Figure 4.10 presents the estimated potential drainage 
through the lysimeters. At TSD the potential drainage totalled 617 mm and at PF it totalled 121 mm. 
This is discussed further in Section 4.4.2.2. 
Overall, the HYDRUS model was deemed to be a more accurate predictor of drainage, and able to 
represent drainage under standard field conditions, although predictions with DairyMod were also 
reasonable. 
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Figure 4.9 Mean lysimeter observed drainage (―) and HYDRUS (---) and DairyMod (―) simulated 
drainage, accumulated over the periods 07/09/2011-30/11/2011 and 01/12/2011-
14/09/2012 at Pendo Farms. The approximate date at which the rubber rims were 
installed around the top of the lysimeters is indicated ().  
 
  
Plate 4.4 Lysimeter core L3 at Three Springs Dairies showing (a) the top of the steel casing 
extended just above the soil surface on installation (May 2010) (source: M Flintoft, 
Aqualinc Research Limited) and changes at the lysimeter surface August 2013 (b) and 
May 2014 (c) where the lysimeters tops have been covered by a build-up in organic 
material over time.  
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Figure 4.10 Accumulated potential drainage at Three Springs Dairies (---) and Pendo Farms (―), for 
the period 07/09/2011-14/09/2012. At PF, HYDRUS-simulated drainage data were used 
up until December 2011 (---), after which point rubber rims were installed and the 
measured drainage was used (―). At TSD, the data presented are the HYDRUS-
simulated drainage data. Periods where simulated drainage was used are represented 
for each site by the dashed lines.  
 
4.3.2.3 Simulated soil moisture  
As with the observed soil moisture data, DairyMod maintained the soil moisture at LDF and TSD at or 
near field capacity, due to the influence of irrigation (Figures 4.11a and 4.11d). However, at LDF, there 
was a persistent bias where the simulated soil moisture was, on average, 5.2% drier than the observed 
(Figures 4.11b), resulting in high NU values of 95% (Figures 4.11c). The calculated NSE coefficient was 
less than zero, indicative that the average of the observed data was a more accurate predictor than 
the model. This occurred due to limitations with the NSE coefficient (Section 2.5), whereby the CV of 
the observed data was small at 3%, therefore the NRMSD was also calculated and indicated a strong 
match at 0.19 (Table 4.7).  
At TSD, the simulated SMC closely followed the observed, with a mean daily bias of 1.5%. As at LDF, 
the low 6% CV of the observed data resulted in an NSE of 0.17. However, the small NRMSD of 0.05 
indicated a strong fit between the data. When compared with the results at LDF, there was a greater 
component of the MSD attributable to a general lack of correlation (66%) (Figure 4.11f).  
At PF, the DairyMod-simulated soil moisture did not reach the same soil moisture deficits as what was 
observed, with soil moisture contents ranging between 28.1% and 39.2% compared with the observed 
range of 24.5-36.9% (Figure 4.11h). Again the small variation in the observed soil moisture content 
(CV=13%) meant that the NSE coefficient was less than zero but the NRMSD was indicative of a 
reasonable match at 0.13. As with TSD, a lack of correlation was the cause of a majority (74%) of the 
MSD.  
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Figure 4.11 Residual analysis of observed and DairyMod-simulated soil moisture content (SMC) to 
700 mm depth below perennial ryegrass/white clover pastures at Larundel Dairy Farm 
(▲) (LDF), Three Springs Dairies (◆) (TSD) and Pendo Farms (●) (PF), for the period 
07/09/2011-14/09/2012. Plots show the relationship between the observed and 
simulated yields where solid lines (―) show the 1:1 relationship, dotted lines (---) are 
the fitted lines (left), the simulated () and observed (symbols) SMC over time, with the 
soil moisture content at field capacity, the critical level and wilting point indicated by 
the upper, mid and lower horizontal grey lines, respectively (centre), and the 
segmentation of the MSD into the squared bias (□), the non-unit slope (■,■,■) and 
the lack of correlation (■,■,■) (right). Forms of the fitted lines are: (a) y= (0.37±0.05)x 
+ 19.67±1.14 (r2=0.66), (d) y= (1.04±0.19)x – 0.19±5.13 (r2=0.46), and (g) y= (0.97±0.29)x 
– 1.06±9.27 (r2=0.24). 
 
The same general trends in the observed SMC were simulated in HYDRUS for the lysimeters at LDF. 
Over the experimental period, the soil moisture was maintained at or near field capacity, due to the 
influence of irrigation (Figure 4.12a). On average, HYDRUS predicted the soil moisture to be 1.7% (~12 
mm) drier than the observed, an improvement of 3.5% compared with that simulated with DairyMod. 
However, the calculated NSE coefficient was again less than zero due to a low coefficient of variation 
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of 3% (Table 4.7), but the NRMSD of 0.07 was indicative of a strong fit. The mean bias of the simulated 
data led to SB contributing 77% of the MSD, although this was less than the 95% simulated by 
DairyMod (Figure 4.11c). 
At TSD, there was a persistent bias whereby the HYDRUS-simulated soil moisture was 3.4% drier than 
the observed and 2.7% drier than the bias simulated with DairyMod (Table 4.7, Figure 4.12e). However, 
both the observed and simulated SMC values were maintained near field capacity throughout the 
experiment excluding a period from 20/12/2011 to 18/01/2012 where the simulated soil moisture 
approached, but did not fall below, the critical level. Overall, neither the observed nor the simulated 
soil water at TSD resulted in limiting conditions to pasture growth. As with LDF, the NSE coefficient was 
less than zero due to a small coefficient of variation (6%). However, the NRMSD was low at 0.13, 
indicative of a reasonable fit between the observed and simulated data (Table 4.7), but higher than 
the NRMSD of 0.05 achieved with DairyMod. 
Differences between the observed and HYDRUS-simulated soil moisture contents at PF were 2.2% on 
average (Table 4.7), and differed from the DairyMod simulations by only 0.2%. The NSE coefficient 
represented a strong fit between the observed and simulated data at 0.62. The NRMSD was estimated 
to be 0.08.  
The simulated drainage and soil moisture by HYDRUS and DairyMod were comparable. However, 
HYDRUIS was found to be overall superior in the estimation of drainage and soil moisture across the 
three sites. A discussion of the reasons for the differences among the observed and HYDRUS and 
DairyMod-simulated soil moisture contents is given in Section 4.4.2.3. 
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AET reduced to 704±19.8 at PF and 554±19.8 at TSD (Figure 4.13b). The change at PF was smaller (13 
mm) compared with that at TSD (222 mm), as there was only a short period during the experiment 
(September-November 2011, inclusive) where no rims were installed at PF, whereas at TSD there were 
no rubber rims around the tops of the lysimeters for the duration of the experiment. 
There were no differences (0.067<P<0.954) in the mean daily AET estimated with the observed 
drainage (AETobs) among the three sites in October 2011 and January, February, June and July 2012 
(Figure 4.14a). When the potential drainage data were used in the AETdaily calculations at PF and TSD 
(AETpot) (Figure 4.10), there were no differences (0.072<P<0.536) among the three sites in October 
2011 and December, March, April, July and August 2012 (Figure 4.14b). The effect of lysimeter site was 
significant (0.001<P<0.040) during all other months. The three sites followed a typical seasonal pattern 
with rates peaking during spring and summer and reducing through autumn to their lowest in winter. 
With measured drainage data, TSD had the highest (P=0.013) monthly averaged AETdaily rate of 
4.07±0.142 mm/d in December 2012. The lowest AETdaily rate was 0.47±0.234 at PF (P=0.037) in August 
2012, followed by 0.51±0.102 at all three sites (P=0.954) in July 2012. With the potential drainage data, 
monthly averaged AETdaily rates ranged from 3.71±0.047 in January 2012 at PF to 0.07±0.106 in June 
2012 at TSD. Full details of the AETdaily for the three lysimeter sites, with treatment effects, are given 
in Appendix 17. 
  
Figure 4.13 Accumulated actual evapotranspiration (AET) calculated using Equation 4.2 with 
measured drainage (a) and potential drainage (b) data for perennial ryegrass/white 
clover pastures at Larundel Dairy Farm (―), Three Springs Dairies (―) and Pendo Farms 
(―), for the period 07/09/2011-14/09/2012. Error bars show the maximum SEM for the 
effects of lysimeter site. LDF excluded from (b) as rims were installed around the tops of 
the lysimeters throughout the experiment, preventing redistribution of water at the soil 
surface. 
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Figure 4.14 Monthly averaged mean daily actual evapotranspiration (AETdaily) calculated using 
Equations 4.2 and 4.3 with measured drainage data (a) and potential drainage (b) data 
for perennial ryegrass/white clover pastures at Larundel Dairy Farm (▲), Three Springs 
Dairies (◆) and Pendo Farms (●) for September 2011 to September 2012. Error bars 
show the maximum SEM for the effects of lysimeter site. LDF excluded from (b) as rims 
were installed around the tops of the lysimeters throughout the experiment, preventing 
redistribution of water at the soil surface. 
 
4.3.3.2 Water use efficiency 
When measured drainage was used in the calculation of AET (AETobs), the WUE of lysimeters L2 and L3 
at LDF was 14.5±0.64 kg DM/ha/mm (P=0.571) for 09/07/2011-07/09/2012 (Figure 4.15a). The WUE 
of the lysimeter-grown pasture for the same period at TSD, with simulated yields, was 15.3±0.46 kg 
DM/ha/mm. At PF, the WUE was estimated to be 20.6±0.94 kg DM/ha/mm. An analysis of parallel lines 
identified no differences (P=0.435) in the slopes (i.e. the WUE) at TSD and LDF.  
Where the measured drainage data were replaced with the estimated potential drainage data in the 
AET calculations at PF and TSD (AETpot) (Figure 4.13), the WUE was 20.2±0.66 at TSD and PF (P=0.938), 
with no differences (P=0.250) in the y-axis intercept of 279+270 kg DM/ha (Figure 4.15b).  
The WUE of the pastures for each regrowth cycle was determined to see how WUE differed over the 
irrigation season (Figure 4.16). The WUE of the ryegrass pastures at each site followed a similar 
seasonal trend of higher efficiencies early to mid-spring, followed by a reduction in summer and then 
an increase into autumn and through winter. At LDF, the WUE at the end of the first regrowth cycle 
was more than twice that at TSD and PF and was probably due to a combination of seed head 
development following seven weeks of growth for silage (Section 3.3.2) and the remobilisation of 
underground reserves (Section 4.4.3). The reduction in WUE during the summer coincided with a 
slump in pasture growth and higher temperatures. This is discussed further in Section 4.4.3. 
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the irrigation season there were no differences in June and July (0.197<P<0.992) with monthly 
averaged Kc values of 0.80±0.1128 and 0.585±0.1165, respectively. For all other months, differences 
in Kc were significant among sites (0.007<P<0.044). Ranges in Kc values within sites were 0.56-0.78 for 
LDF, 0.59-0.89 for TSD and 0.74-1.11 for PF (P<0.001) 
Differences in Kc among and within lysimeter sites with month led to no systematic pattern observed 
in the data and a site*month interaction (P<0.001), which accounted for 35% of the total sum of 
squares (SST). For example, the Kc was 1.13±0.112 in December 2011 and February and August 2012 at 
TSD and June 2012 at PF. Meanwhile, for the same months, the Kc averaged 0.86±0.112 at PF in 
December 2011 and LDF in June 2012, 0.78 at LDF in December 2011 and February 2012, and was 
0.59±0.112 at PF in February 2012, 0.50±0.112 at TSD in June 2012, and 0.43±0.112 at LDF and 
0.39±0.112 at PF in August 2012.  
When the estimated potential data were used in place of measured data at TSD and PF (Figure 4.17b), 
the results were comparable to the results using the observed AET with a site*month interaction 
(P<0.001) that accounted for 39% of the SST. At TSD, the irrigation season monthly Kc values ranged 
from 0.42-0.92 and at PF they were 0.43-0.94. 
Based on these results a single Kc value representative of the three sites was not able to be determined 
with either set of Kc time series, and neither was a single time series of monthly averaged mean daily 
values. The implications of these results and reasons for the observed differences are discussed in 
Section 4.4.4.  
  
Figure 4.17 Monthly averaged mean crop coefficients calculated with AET (Figure 4.13) determined 
using measured drainage (a) and estimated potential drainage (b) data for perennial 
ryegrass/white clover pasture at Larundel Dairy Farm (―), Three Springs Dairies (―) and 
Pendo Farms (―) for September 2011 to September 2012. Error bars show the SEM for 
the effects of lysimeter site, month and site*month.  
 
As a check on the effectiveness of the measured AET data for determining Kc values, daily SWW-PETc 
data (Section 4.3.5) were converted to Kc values, by dividing by the daily FAO-PETc values for each site. 
For each site, a daily Kc time series was developed, which was then converted to a monthly time series 
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(Figure 4.18). By doing so, much of the variability among the sites evident in the Kc time series in Figure 
4.17 was eliminated. Previously, the monthly coefficients of variation ranged from 3-76%, when Kc 
values for the three sites were compared. With Kc determined from the SWW data, the coefficients of 
variation reduced to 2-23% over the year. The greatest variation occurred during the winter months, 
which are not relevant to the estimation of water use over the growing/irrigation season. 
 
Figure 4.18 Daily and monthly averaged mean crop coefficients (Kc) calculated as a ratio of daily 
Shuttleworth-Wallace potential crop evapotranspiration (SWW-PETc) to the reference 
crop potential evapotranspiration (FAO-PETo) for perennial ryegrass/white clover 
pasture at Larundel Dairy Farm (―), Three Springs Dairies (―) and Pendo Farms (―) for 
September 2011 to September 2012.  
 
From a water resource management perspective, a single Kc time series applicable across the 
Canterbury Plains would provide the most practical approach to estimating actual water demand (Kc 
PETc), for which a mean of the three sites’ Kc time series, determined using SWW-PETc, (Figure 4.18) is 
considered to provide a reasonable estimate. The sensitivity of water use estimation over the irrigation 
season in Canterbury, based on using the SWW-based Kc time series (KcSWW), has therefore been 
analysed. 
Over the experimental period, the KcSWW time series provided a reasonable method of estimating water 
use across all three sites. Total AET was 9 mm (1%) less than that predicted at LDF (Table 4.8). At TSD, 
AETpot was 50 mm (9%) less, and at PF, the difference between AETpot and KcSWW-PETc was 60 mm (8%). 
The NSE coefficients and NRMSD of the residuals in Table 4.8 indicated a reasonable fit between the 
observed and simulated data for the three sites.  
The KcSWW-PETc predictions were compared with predictions of PETc using alternative Kc time series 
illustrated in Figure 4.19. Time series considered included the lysimeter site averaged time series 
developed from AETobs (KcAETobs) and AETpot (KcAETpot), a time series developed from the ‘initial’ and ‘mid’ 
Kc values in Allen et al. (1998), for which an average of the given ‘mid’ stage Kc values of 0.95 was 
assumed (KcFAO), and the time series developed by Bright (2009a) (KcBright). The derived KcSWW-PETc 
estimations were comparable to the estimations using the lysimeter site averaged KcAETpot time series 
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(Table 4.8). Both methods generated total PETc predictions within 1-11% of AET, calculated using the 
potential drainage data at TSD and PF, with NSE coefficients of 0.31-0.71 across the three sites. The 
KcFAO and KcBright time series led to over-estimates of  AETpot of 3-17% and 29-55%, respectively (Table 
4.8).  
 
Figure 4.19 Crop coefficient time series including: mean lysimeter site time series with AET 
calculated from measured drainage data (―) and estimated potential drainage (―); 
time series developed by Bright (2009a), converted to average monthly values (―); and 
time series range based on ‘initial’ and ‘mid’ stage Kc values given by Allen et al. (1998) 
for a rotationally grazed pasture (–––) (Section 2.4.1). ‘Initial’ stage value of 0.4 and a 
range of ‘mid’ stage values of 0.85 (lower line) and 1.05 (upper line) were applied where 
the pasture ground cover was <10% and >95%, respectively. Linear interpolation 
between the ‘initial’ and ‘mid’ stage values was used to estimate the ‘crop development’ 
stage values, according to the daily leaf area index values for the three sites.  
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Table 4.8 Summary statistics indicating crop coefficient time series performance in the prediction of actual evapotranspiration (AETobs) from perennial 
ryegrass/white clover pastures at Larundel Dairy Farm, Three Springs Dairies and Pendo Farms for the period 07/09/2011-14/09/2012. NSE is the 
Nash-Sutcliffe efficiency and RMSD and NRMSD are the standard and normalised root mean square errors, calculated from data summed between 
subsequent soil moisture measurements. Values in brackets are the summary statistics indicating the performance of the time series when compared 
against AET calculated with the estimated potential drainage data (AETpot) from Figure 4.10 at TSD and PF. 
Lysimeter site Summary statistic 
Kc time series applied 
Lysimeter site averaged 
(AETobs) (Figure 4.19) 
Lysimeter site averaged 
(AETpot) (Figure 4.19) 
Average FAO time 
series Allen et al. 
(1998) (Figure 4.19) 
Bright (2009a)  
(Figure 4.19) 
SWW-PETc-derived 
lysimeter site average 
(Figure 4.18) 
Larundel 
Dairy Farm 
Total estimated PET (mm) 713 632 663 880 624 
Variation from total AET (mm) 98 18 48 265 9 
Variation from total AET (%) 16 3 8 43 1 
Mean daily bias (mm/d) 0.26 0.05 0.13 0.71 0.02 
NSE 0.24 0.35 0.29 -0.59 0.31 
RMSD (mm/d) 0.94 0.87 0.90 1.35 0.89 
NRMSD 0.47 0.43 0.45 0.67 0.44 
Three Springs 
Dairies 
Total estimated PET (mm) 695 616 650 858 604 
Variation from total AET (mm) -80 (141) -160 (62) -125 (96) 82 (304) -171 (50) 
Variation from total AET (%) -10 (25) -21 (11) -16 (17) 11 (55) -22 (9) 
Mean daily bias (mm/d) -0.22 (0.38) -0.43 (0.17) -0.34 (0.26) 0.22 (0.81) -0.46 (0.13) 
NSE 0.43 (0.63) 0.45 (0.71) 0.43 (0.62) 0.17 (0.05) 0.37 (0.71) 
RMSD (mm/d) 1.11 (0.68) 1.09 (0.60) 1.11 (0.69) 1.34 (1.08) 1.15 (0.60) 
NRMSD 0.47 (0.35) 0.46 (0.31) 0.47 (0.35) 0.57 (0.56) 0.45 (0.31) 
Pendo Farms 
Total estimated PET (mm) 734 653 682 906 644 
Variation from total AET (mm) 18 (30) -64 (-52) -35 (-22) 190 (202) -72 (-60) 
Variation from total AET (%) 2 (4) -9 (-7) -5 (-3) 26 (29) -10 (-8) 
Mean daily bias (mm/d) 0.05 (0.08) -0.17 (-0.14) -0.09 (-0.06) 0.51 (0.54) -0.19 (-0.16) 
NSE 0.45 (0.43) 0.46 (0.45) 0.45 (0.43) 0.23 (0.17) 0.43 (0.42) 
RMSD (mm/d) 1.08 (1.11) 1.07 (1.09) 1.09 (1.11) 1.28 (1.34) 1.1 (1.12) 
NRMSD 0.45 (0.47) 0.45 (0.46) 0.45 (0.47) 0.53 (0.57) 0.46 (0.48) 
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The DCC daily residual time series (DCC-PETc – AETdaily) (Appendix 22) went some way towards reducing 
the systematic error identified in the PM model, although it was still present immediately following 
grazing. Optimising the DCC model parameters may further reduce this systematic error. However, 
given that the AET time series was based on measurements that have a ~1 week time-step, at best, 
there wasn’t the temporal detail in the measured time series to justify parameter optimisation. When 
the DCC-PETc data were aggregated into time-steps that matched the time steps over which AET was 
estimated (Appendix 23), there was no obvious systematic error. The DCC model also yielded closer 
estimates of PETc to AET over the experimental period, being within 1-24%. However, estimations were 
improved by the SWW method, with differences of 1-9% over the experiment. The SWW model also 
achieved the highest NSE coefficients (0.27-0.76) and lowest NRMSD values (0.28-0.46) for the three 
sites. The systematic error of the residuals identified by the PM model, and to some degree still present 
with the DCC model, was absent (Appendix 24). DairyMod predicted PETc to within a similar degree of 
accuracy as the SWW model, with differences from AET over the experimental period of 6-14%, and 
NSE coefficients of 0.19-0.54. Daily SWW-PETc formed inputs into the HYDRUS model (Section 4.2.4.1). 
As the irrigation of the pasture prevented water stress, HYDRUS maintained the daily inputs of SWW-
PETc. 
Section 4.4.5 provides a detailed discussion of the model results. 
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DairyMod (a-c) Priestley-Taylor (d-f) 
  
FAO modified Penman-Monteith (g-i) Penman-Monteith (j-l) 
  
Dual Crop Coefficient (m-o) Shuttleworth-Wallace (p-r) 
  
Figure 4.20 Accumulated daily DairyMod (DMod-PETc), Priestley-Taylor (PT-PETc), FAO modified Penman-Monteith (FAO-PETc), Penman-Monteith (PM-PETc), dual 
crop coefficient (DCC-PETc) and Shuttleworth-Wallace (SWW-PETc) simulated potential evapotranspiration (---) and accumulated daily actual 
evapotranspiration (AET) (solid lines) from lysimeter-grown perennial ryegrass/white clover pastures at Larundel Dairy Farm (LDF), Three Springs 
Dairies (TSD) and Pendo farms (PF). Accumulated AET calculated with the measured drainage data is represented by ― at LDF, ― at TSD and ― at PF, 
and AET calculated with the estimated potential drainage data is represented by ― at TSD and ― at PF, for the period 07/09/2011-14/09/2012.
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Table 4.9 Summary statistics indicating model performance in the prediction of potential crop evapotranspiration (PETc), when compared with actual 
evapotranspiration (AET) measurements from perennial ryegrass/white clover pastures at Larundel Dairy Farm, Three Springs Dairies and Pendo Farms 
for the period 07/09/2011-9/09/2012. NSE is the Nash-Sutcliffe efficiency and RMSD and NRMSD are the standard and normalised root mean square 
errors, calculated from data summed between subsequent soil moisture measurements. Values in brackets are the summary statistics indicating the 
performance of the PETc models when compared against AET calculated with the estimated potential drainage data from Figure 4.10 at TSD and PF. 
Lysimeter site Summary statistic DairyMod Priestley-Taylor 
FAO Penman-
Monteith 
Penman-
Monteith 
Dual Crop 
Coefficient 
Shuttleworth-
Wallace 
Larundel Dairy 
Farm 
Total estimated PETc (mm) 581 801 895 796 641 600 
Variation from total AET (mm) -34 187 281 181 26 -15 
Variation from total AET (%) -6 30 46 29 4 -2 
Mean daily bias (mm/d) -0.09 0.50 0.75 0.48 0.07 -0.04 
NSE 0.19 -0.57 -0.44 -0.15 0.18 0.27 
RMSD (mm) 0.97 1.34 1.29 1.15 0.97 0.92 
NRMSD 0.48 0.67 0.64 0.57 0.48 0.46 
Three Springs 
Dairies 
Total estimated PET (mm) 512 721 878 701 689 551 
Variation from total AET (mm) -264 (-42) -54 (167) 102 (323) -74 (147) -87 (134) -225 (-3) 
Variation from total AET (%) -34 (-8) -7 (30) 13 (58) -10 (27) -11 (24) -29 (-1) 
Mean daily bias (mm/d) -0.71 (-0.11) -0.15 (0.45) 0.27 (0.86) -0.2 (0.39) -0.23 (0.36) -0.6 (-0.01) 
NSE -0.01 (0.54) 0.44 (0.41) 0.41 (0.09) 0.34 (0.64) 0.29 (0.43) 0.27 (0.76) 
RMSD (mm) 1.46 (0.76) 1.08 (0.85) 1.12 (1.06) 1.17 (0.67) 1.22 (0.84) 1.24 (0.55) 
NRMSD 0.57 (0.39) 0.42 (0.44) 0.44 (0.55) 0.46 (0.34) 0.48 (0.43) 0.49 (0.28) 
Pendo Farms 
Total estimated PET (mm) 606 821 921 760 712 639 
Variation from total AET (mm) -111 (-98) 104 (117) 204 (217) 43 (56) -5 (8) -78 (-66) 
Variation from total AET (%) -15 (-14) 15 (17) 28 (31) 6 (8) -1 (1) -11 (-9) 
Mean daily bias (mm) -0.3 (-0.26) 0.28 (0.31) 0.55 (0.58) 0.12 (0.15) -0.01 (0.021) -0.21 (-0.18) 
NSE 0.42 (0.42) 0.29 (0.24) 0.25 (0.2) 0.42 (0.39) 0.38 (0.36) 0.48 (0.47) 
RMSD (mm/d) 1.12 (1.12) 1.23 (1.28) 1.26 (1.32) 1.11 (1.15) 1.15 (1.18) 1.05 (1.07) 
NRMSD 0.46 (0.48) 0.51 (0.54) 0.53 (0.56) 0.46 (0.49) 0.48 (0.5) 0.44 (0.45) 
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4.3.5.1 Comparison of Shuttleworth-Wallace modelled potential evapotranspiration using 
measured and modelled canopy data at Larundel Dairy Farm 
Daily outputs of leaf area index and height from the DairyMod simulation at LDF (Section 3.3.8) were 
used as inputs to the SWW model to quantify differences in evapotranspiration estimations using 
simulated and observed pasture data (Table 4.10, Figure 4.21). This is important as often measured 
canopy data are not available. SWW-PETc estimated using modelled canopy data was <1% (4 mm) more 
annually than that estimated using measured canopy data, and 1.8% (11 mm) less than AET. When 
separated, the modelled canopy data led to annual soil evaporation predictions 28% (33 mm) more 
and transpiration predictions 6% (29 mm) less than the SWW-PETc calculated from measured pasture 
data, highlighting the importance of pasture LAI and height estimations on the evapotranspiration 
estimations (Section 4.4.5). Statistical comparison of the evapotranspiration estimations on a daily 
basis indicated that whether measured or modelled pasture growth data were used to estimate SWW-
PETc, the results were comparable with an NSE coefficient of >0.99 and NRMSD of 0.02.  
Table 4.10 Summary of total AET and Shuttleworth-Wallace (SWW) potential evaporation (E), 
transpiration (T), and evapotranspiration (PETc), calculated using observed and 
simulated pasture leaf area index (LAI) and height data for a perennial ryegrass/white 
clover pasture at Larundel Dairy Farm, Canterbury. Results are for the period 
07/09/2011-14/09/2012. Values in brackets are the percentage differences from AET. 
 E T Total AET, PETc 
Actual evapotranspiration (AET)   615 
SWW-PETc (observed pasture LAI and height) 120 480 600 (2%) 
SWW-PETc (DairyMod-simulated pasture LAI and height) 153 451 604 (1%) 
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Figure 4.21 Accumulated Shuttleworth-Wallace (SWW) potential evapotranspiration (SWW-PETc) 
calculated using modelled (---) and measured (---) canopy leaf area and height data, and 
measured actual evapotranspiration (▲) (AET) (a) and SWW-PETc calculated using 
observed pasture data against SWW-PETc calculated using DairyMod-simulated pasture 
data (b), for perennial ryegrass/white clover pasture at Larundel Dairy Farm, Canterbury, 
for the periods 07/09/2011-14/09/2012. In (b) the solid line (―) shows the 1:1 
relationship, the dotted line (---) is the fitted line. Form of the fitted line is y = 
(0.98±0.001)x + 0.02±0.002 (r2=0.99). 
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of the observed drainage. Numerous studies have involved simulation of soil water flow with HYDRUS 
and validation of the model with measured data. For example, van der Velde et al. (2005) found 
HYDRUS to predict drainage to be within 9% of that measured, similar to the results at LDF (9%). 
Nothing could be found in the literature comparing actual drainage data with that simulated with 
DairyMod to relate to the results from this study. However, a number of studies have employed either 
DairyMod or EcoMod to predict drainage. Douglas et al. (2010), for example, coupled DairyMod with 
a surface irrigation hydraulic model, SRFR, to enable the simulation of the effects of border-strip 
irrigation scheduling and event management on irrigated pasture production systems. A scenario was 
tested comparing differing irrigation managements of ryegrass pasture on a clay loam soil, and model 
predictions of irrigation amounts, pasture growth and drainage were found to agree well with data 
reported in the literature for similar soils. Based on the results of the lysimeter experiment, it is 
considered that incorporation of HYDRUS into DairyMod would increase confidence in the model 
predictions. Cichota et al. (2008) used EcoMod, which has a common underlying biophysical structure 
to DairyMod (Johnson et al., 2008), to compare differences in simulated drainage when using observed 
or NIWA’s virtual climate station data from several locations around New Zealand. While incorporation 
of HYDRUS into DairyMod may have improved the absolute drainage predictions, the study was 
focused on relative differences, and therefore the DairyMod predictions were likely sufficient for this 
purpose. 
4.4.2.2 Potential for the surface redistribution of water 
At LDF, the overall over-estimation of drainage by both DairyMod (40 mm) and HYDRUS (27 mm) when 
compared with the observed was relatively small, and within the error that would be expected. For 
example, drainage from the three lysimeters at LDF ranged from 332-402 mm, and therefore model 
deviations of 40 and 27 mm from the mean lysimeter drainage (357 mm) were approximately within 
the observed range. The installation of rubber rims around the top of the lysimeters at LDF (Section 
4.2.1.1) prevented surface run-off of water from occurring, and therefore likely contributed to the 
close fit of the modelled drainage to the observed. This was supported at PF where rubber rims were 
found to improve the fit of the modelled drainage with that of the observed data based on a 
comparison of the drainage before and after the rims were installed (Figure 4.9). At TSD, however, no 
rubber rims were installed.  
The results indicated that where there were no rims, water was being lost from the lysimeters through 
run-off processes, while surface redistribution of water onto the lysimeters from the surrounding 
pasture was restricted. This was due to a build-up of organic material at the lysimeter surface over 
time, as illustrated by Plate 4.4. This was coupled with the potential for edge flow (preferential flow of 
water between the steel casing and the soil) on the outside of the lysimeters, limiting the potential for 
redistribution of water onto, and drainage of water through, the lysimeters. The models translated the 
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loss of water due to run-off as drainage. Accordingly, differences in the modelled drainage with that 
observed at PF prior to the rim installation and at TSD were evident throughout the experiment. 
Using the published infiltration rates for Templeton and Lismore soils (Section 2.3.3.2), and the 
measured rainfall and irrigation inputs at TSD and PF (Section 3.2.3.1), the potential for the run-off of 
water from the surface of the lysimeters was investigated. 
Prior to the rubber rim installation around the top of the lysimeter casings at PF, ~67 mm of rain fell 
on the 19/10/2011 and 21/10/2011 at intensities of up to 10.8 mm/h, which had the potential to 
generate surface run-off (Section 2.3.3.2). The rain event triggered ~14 mm of drainage from the 
lysimeters, compared with 22 mm by HYDRUS and 39 mm by DairyMod. Accordingly, 8-25 mm of water 
may have run-off from the lysimeters. On a number of other occasions from mid-January to March, 
rainfall intensities at PF exceeded 10 mm/h and reached up to 23 mm/h. However, during these 
periods the soil moisture content of the soil was either near or below the critical level, and therefore 
infiltration into the soil may have been more rapid (Jiang, 2008) and drainage prevented due to the 
available storage capacity, as reflected by both the observed and simulated soil moisture data.  
At TSD, there were a number of rainfall/irrigation events with intensities of up to 64.8 mm/h (Figure 
3.3). As at PF, it is likely that while run-off may have occurred from the lysimeters, in the wider paddock 
this excess water would likely have translated as drainage due to surface redistribution. At the 
maximum intensity of 64.8 mm/h, for example, 10.8 mm of irrigation water was applied over a 10-
minute period following 4 mm of irrigation over the previous 30 minutes on the 08/02/2012. This led 
to 9.1 mm of drainage simulated by HYDRUS and 8.4 mm simulated by DairyMod compared with the 
observed drainage of 2.3 mm, differences of 6.1-6.8 mm. Given the high intensity of the irrigation, run-
off would likely have been triggered from the lysimeters. Over the 18-19/10/2011, rain fell at 
intensities of 1.2-3.6 mm/h for 24 hours, totalling 19 mm, wetting the soil to field capacity. This was 
followed by 9 hours of up to 9.6 mm/h, delivering a further 49 mm of rain. Overall 25.1 mm of drainage 
was observed compared with 52.2 and 47.0 mm simulated by HYDRUS and DairyMod. The difference 
again was likely due to run-off from the lysimeters. This supports the argument that re-distribution of 
water was likely at the lysimeter surface, and without the presence of rims around the tops of the 
lysimeters, run-off losses could not be quantified. However, both DairyMod and HYDRUS translated 
this loss of water as drainage, which is likely what would have occurred under standard field conditions 
or had rims been installed. Therefore, the modelled drainage could be confidently used in the water 
use calculations, for periods where rubber rims were absent. 
4.4.2.3 Performance of HYDRUS and DairyMod in the simulation of soil moisture 
When the modelled soil moisture was compared against the observed, the HYDRUS outputs provided 
a closer fit to the observed data at LDF and PF compared with DairyMod (Table 4.7). At TSD, both 
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HYDRUS and DairyMod predicted the soil moisture contents to a similar accuracy. NSE coefficients 
were, however, low at LDF and TSD, ranging from 0.17 to less than zero, which, as highlighted in the 
results, occurred due to the limitation of the NSE when coefficients of variation are small (ASCE, 1993). 
At PF the CV was higher (13%) and the NSE coefficient was 0.62 for HYDRUS but less than zero for 
DairyMod, respectively. Zhou et al. (2012) reported NSE coefficients of 0.74-0.87 when comparing the 
fit of HYDRUS soil moisture outputs to measure data, slightly higher than the 0.62 achieved at PF by 
HYDRUS. In the current research, the fit of the simulated and observed drainage was closer than the 
soil moisture. 
Differences between each model and the observed data and between models can be explained. 
Differences between observed and modelled arose from the models’ inability to perfectly represent 
the complex nature of the soil-plant-water environment. This was compounded by the potential for 
errors in the measurement of SMC, including irregular timing counts of returning neutrons, equipment 
noise, random errors in the measurement of the time interval during which counts are accumulated 
for a single observation, and errors associated with spatial differences in soil moisture content and soil 
physical properties (Chanasyk & Naeth, 1996; Hewlett et al., 1964). There are also inherent errors with 
near surface measurements caused by the potential for neutron escape through the soil surface (Hillel, 
1998; Jensen, 1983). For the lysimeter experiment, the calibrated near surface neutron probe 
measurements are considered to be the most likely error source. This was firstly due to the potential 
for neutron escape and secondly due to steep soil moisture gradients that can develop and rapid 
changes with time that likely occurred in the near-surface water content that can be difficult to account 
for. However, post-measurement corrections to the near-surface neutron probe measurements are 
considered to have provided sufficiently accurate measurements for the purposes of this study 
(Section 4.2.2.2). 
Differences between models can be attributed to the different methods used by the models to solve 
for the volume of water in the soil at a particular time, as described in Sections 2.3.2.6 and 2.3.3.4. The 
concepts of field capacity and wilting point are central to tipping bucket style approaches, such as that 
used within DairyMod. However, according to de Jong and Bootsma (1996), these concepts are 
arbitrary and not intrinsic to the soil properties, and do not allow for the continuous redistribution of 
water through the profile according to the soil hydraulic characteristics. The result is the potential for 
lags to develop within the system, which were observed. For example, when DairyMod drainage 
predictions were compared on a daily then weekly basis at LDF, the NSE coefficient increased from 
0.44 to 0.85 (Section 4.3.2.1). With HYDRUS, however, the difference was much smaller (0.03), 
reflective of the more dynamic response within the model to soil water flow. The use of the Richards 
equation (Equation 2.24) to simulate flow and the van Genuchten (1980) model (Equation 2.32) to 
describe the soil hydraulic characteristics of the profile within HYDRUS enable a more dynamic 
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was used (Figure 4.17). Figure 4.19 compares an average of the three lysimeter sites’ time series from 
Figure 4.17 with those developed by Bright (2009a) for aperennial ryegrass pasture in Canterbury and 
Allen et al. (1998). From Figure 4.19, the site-averaged monthly Kc time series values were largely 
within the range given by Allen et al. (1998), while the time series from Bright (2009a) was consistently 
higher, likely elevated due to surface run-off effects artificially increasing the apparent water use 
(Clothier et al., 2009). 
The estimated Kc values at the lysimeter sites were found to differ (P<0.001) spatially (i.e. between 
lysimeter sites) and temporally throughout the year. Accordingly, a single Kc value or time series 
representative of all three sites was unable to be determined from the data. This is significant as within 
New Zealand a single Kc=1 is commonly assumed, or alternatively the values determined by Allen et al. 
(1998) or Bright (2009a) are used to estimate crop evapotranspiration. For example, Brown et al. 
(2010) used a Kc=1 for scheduling irrigation of pasture and Kc values as given by Allen et al. (1998) for 
scheduling irrigation of wheat. A number of regional councils in New Zealand also assume a constant 
Kc=1 for estimating evapotranspiration. For example the Southland Regional Council applied a Kc=1 in 
their irrigation demand modelling of the Mataura catchment (Hughes et al., 2011). Similarly, the time 
series developed by Bright (2009a) was used for irrigation and drainage modelling of the Upper Waitaki 
Basin (Brown, 2008). However, the findings in the current research indicate that the application of Kc 
values not derived from site-specific data is inappropriate for irrigation management purposes or when 
estimates of PETc are required over shorter time periods, for example days. 
While spatial and temporal differences in Kc values, as observed  at the three lysimeters sites, are not 
unique to the findings of this research, there is limited discussion throughout the literature of the 
causes of the differences. However, numerous attempts by others to either determine a single 
representative Kc value or develop a common time series of Kc values has highlighted difficulties 
(Fisher, 2012; Liu & Luo, 2010; Watanabe et al., 2004; Wright, 1982). Reasons are commonly attributed 
to crop growth and seasonal climatic variability and periods of water stress where irrigation (or 
precipitation) was insufficient. However, even when Fisher (2012) developed the time series based on 
growing-degree days to try and account for crop growth variability, the Kc curve variability wasn’t 
reduced. Because of this, a mean Kc time series is often adopted (Fisher, 2012; Jensen et al., 1990).  
For the current study, the effects of climate, soil type, and on farm management of stock grazing and 
pasture fertility were all considered as possible reasons for the variation. Spatially, climate effects were 
considered negligible. This is because Kc is a ratio of the measured actual water use to the potential 
reference crop water use; therefore, the effects caused by differences in climate are effectively 
removed. Furthermore, the coefficient of variation of the atmospheric demand among sites (4%) 
(Figure 3.2) was less than the variation in actual water use (~11%) (Figure 4.13) over the irrigation 
season. However, all sites were irrigated on a regular basis, and other than a short period during which 
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4.4.5.1 Priestley-Taylor 
The simplicity of the PT model (Section 2.4.2.2) makes it an attractive alternative to each of the other 
models tested, and is therefore often applied (Clothier et al., 1982; Green et al., 1984). However, 
underlying assumptions of the model limit its representativeness of a grazed pasture and led to over-
predictions of AET of 17-30% (117-187 mm) over the experimental period (Table 4.9). While the model 
does not include any direct canopy variables, the constant empirical coefficient ‘α’ represents the 
convection of dry air across the pasture, and assumes canopy closure and a wet surface (Section 
2.4.2.2). Accordingly, the variability in the canopy height, leaf area, and ground coverage under a 
grazing operation is not accounted for by the PT model, particularly during the growing season when 
the pasture at all three sites was frequently defoliated due to grazing, and therefore was unsuitable 
for estimating water use under the conditions of this research. The potential to improve PT-PETc 
estimates and reduce the seasonal systematic over-estimation through optimisation of the coefficient 
α was investigated. Optimisation involved adjustment of α from the default 1.26 by either maximising 
the NSE coefficient or reducing the difference between the PT-PETc estimates and AET (or AETpot at TSD 
and PF) to zero, for which the Excel ‘solver’ function was used. Maximising the NSE resulted in values 
of α of 0.85-0.98 for the three sites, and NSE coefficients increased to 0.30-0.76. Accumulated 
differences between PT-PETc and AET were 1-74 mm (<1-12%). Optimising α to reduce the differences 
to zero resulted in values of α of 0.97-1.08 for the three sites, and NSE coefficients of 0.23-0.76. These 
results suggest that α should have a value of ~0.97 when the PT is used to estimate PETc for an irrigated, 
grazed pasture. However, despite the improvements, other models tested (i.e. DairyMod, SWW, DCC) 
yielded closer fits to the observed data.  
Jamieson (1982) suggested that PT model estimates can also be affected by increases in the slope of 
the saturation vapour pressure-temperature curve if transpiration is reduced in response to stomatal 
closure. This can lead to increases in the vapour pressure deficit and temperature due to the 
manifestation of energy not used in evapotranspiration as heat. This is possible in Canterbury where 
strong north west winds and high temperatures can frequently occur, leading to stress within the 
canopy despite sufficient water availability (Jamieson, 1982; Kramer, 1983; Scotter & Heng, 2003) 
(Section 2.3.2.2). However, the effects of this on the PT model are less than those for the PM model, 
which includes a vapour deficit term (Jamieson, 1982). In the current lysimeter study, while this may 
have had an effect on the PT estimations, it appears that the value of α was the dominant contributor 
to the systematic seasonal over-estimation. 
4.4.5.2 FAO modified Penman-Monteith 
The PMFAO model, with which PETo is estimated for a theoretical reference crop (i.e. actively-growing, 
full coverage, uniform height of 0.12 m) using standard climate data, is another model often used to 
estimate crop evapotranspiration (Scotter & Heng, 2003). However, in the current experiment, the 
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over-estimation was even greater than that by PT, at 31-58% (differences of 217-323 mm) of the total 
AET (Table 4.9). As with PT, PMFAO does not require inputs of canopy leaf area and height so takes no 
account of the actual canopy, but is controlled solely by climatic variables. Thus the model’s relative 
simplicity, plus the option of easily estimating climate data where they are missing (Allen et al., 1998; 
Trajkovic & Kolakovic, 2009), makes it an attractive option. Accordingly, the PMFAO model 
evapotranspiration estimations represent the maximum potential, for a pasture with no limitations, in 
proportion to climatic demand. Again, this is not representative of a dairy pasture subject to regular 
grazing, and as observed at LDF, nitrogen deficiency, which leads to a reduced leaf area and therefore 
reduced ground cover (Section 3.4.1.7).   
4.4.5.3 Penman-Monteith 
The PM model over-estimated the lysimeter AET by 15-29% over the experiment (Table 4.9), which is 
similar to the 8-29% difference reported by Clothier et al. (1982) (Section 2.4.3), and an improvement 
on the evapotranspiration estimations by PT and PMFAO. At all three sites the PM-PETc over-estimations 
included both under- and over- predictions depending on the stage of pasture regrowth (Appendix 21). 
This was attributed to the PM methodology, which includes inherent assumptions (Section 2.4.2.1) 
that the pasture completely shades the ground, is green, well-watered, actively-growing, and of 
uniform height. Typical grazed dairy pasture in Canterbury, for example, will often not meet these 
specifications. At LDF for example, full cover, represented by 95% PAR interception, was achieved at 
an LAI of ~4 (Figure 3.17). However, as illustrated by Figure 3.20, the LAI of the pasture was at or above 
this only 12% of the time. At TSD and PF the LAI of the pastures ranged from 0.9-2.9 and 0.9-4.2, 
respectively (Figure 3.26), and therefore did not, or rarely reached the LAI=4 found to be 
representative of full cover at LDF. Accordingly, the PM was not able to sufficiently represent the 
grazed pastures in the lysimeter experiment. 
Measured (LDF) and modelled (TSD and PF) canopy height and LAI of the pasture were used in the 
estimation of daily ra and rs values. However, uncertainties existed in relation to turbulent transport, 
stomatal control, and the ‘active’ leaf area fraction, which is a common criticism of the PM model 
(Section 2.4.2.1). At LDF, for example, the pasture was generally defoliated to a height of ~60 mm 
(Figure 3.16) and LAI of ~0.6 (Figure 3.20). At its maximum it increased to more than 350 mm in height 
with an LAI >5. Accordingly, the assumption that the upper half of the canopy is actively contributing 
to leaf heat and vapour exchange, which is based on a constant pasture height of 120 mm and LAI of 
~2.9 (Allen et al., 1998), is not representative of a grazed pasture. When the pasture was shorter with 
a lower LAI, a much larger proportion was likely to be actively contributing, reducing the crop 
resistance and increasing the measured evapotranspiration. Conversely, when the pasture was longer 
and the LAI greater than 2.9, a smaller proportion may have be contributing, increasing the crop 
resistance and reducing the measured evapotranspiration below that predicted. Furthermore, rapid 
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changes in the pasture cover due to stock grazing, which alter the relative evaporation and 
transpiration contributions of evapotranspiration, are not accounted for in the PM model, and 
therefore its use during these early growth stages may be inappropriate (ASCE, 1996; Ershadi et al., 
2015). 
4.4.5.4 Dual crop coefficient and Shuttleworth-Wallace 
When the evaporation and transpiration components were separated using the DCC and SWW models, 
the residuals were reduced and cumulative error largely eliminated. PETc predictions were also closer 
to AET, with total differences of <1-24% (DCC) and <1-9% (SWW). Unlike the PM and PT models, the 
multi-layered DCC approach accounted for the combined variation in soil water evaporation and 
canopy transpiration that occurs under a grazed system. This was achieved through incorporation of 
the canopy variables of height and LAI, and by accounting for changes in ground cover, and therefore 
soil exposure and the potential for soil surface evaporation. This, coupled with a daily water balance 
of the soil surface enabled more accurate prediction of the daily soil water evaporation component, 
and the canopy transpiration potential. The predictions with the SWW model were, however, superior 
to those with the DCC model, a result of more complexity regarding the canopy demand. While both 
models have, to some degree, been developed from the PM model, the SWW model is more physically 
based, working from the ground up to calculate evaporation and transpiration simultaneously (Section 
2.4.2.4). The DCC approach starts with a possible maximum PETc determined by the energy available 
for evapotranspiration at the soil surface, following rainfall or irrigation (Section 2.4.2.3). The potential 
transpiration is estimated according to crop stage and standard transpiration coefficients for pasture, 
and then the evaporation is set equal to the balance of the maximum PETc minus the potential 
transpiration, once any surface water limitations are accounted for. A downfall of both models, which 
is also present in each of the PT, PM and PMFAO models is that the models assume non-limiting water 
conditions for transpiration. At each of the three lysimeter sites, this limitation was not particularly 
evident due to irrigation maintaining sufficient moisture availability throughout the experiments, 
except for at PF where short periods of water stress occurred, although they were relatively brief and 
unlikely to have made a significant impact on the overall water use.   
4.4.5.5 DairyMod 
The DairyMod model provided similar predictions of soil PETc to the SWW model, and therefore where 
leaf area and height are unknown, DairyMod could be used directly to estimate water use to within a 
reasonable accuracy. The method used within the DairyMod model for estimating PETc is similar to 
that employed within the SWW model in its account for the canopy, although it has added dynamism 
surrounding the soil-plant-water interactions more easily incorporated into a computer simulation 
model (Section 2.3.2.6). This is particularly in regards to the ability of the model to account for effects 
of soil water availability to the plant. The DairyMod model estimates a maximum potential 
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transpiration rate according to the PM model. From the maximum, DairyMod determines the actual 
transpiration component in proportion to the ground cover, which is then adjusted according to the 
soil water status of the profile using an approach similar to Feddes water uptake reduction model 
(Feddes et al., 2001; Feddes et al., 1978). The maximum potential evaporation rate of water from the 
soil is estimated from a modified form of the PM equation, whereby the resistance to water movement 
through the leaf stomata is removed. The actual evaporation rate is then defined by the model 
according to the soil water availability and depth of water in the soil profile, where the potential to 
evaporate from the soil declines with depth. 
4.4.5.6 General 
The results of the PETc modelling highlight the importance of factoring variations in the canopy into 
predictions of water use. Separation of evapotranspiration into soil water evaporation and canopy 
transpiration is also essential, particularly in a grazed system, for predictions to be made accurately 
and then used with confidence.  
The importance of having accurate measurements or estimations of canopy leaf area and height were 
also identified by the modelling, where the effects of using measured and modelled canopy LAI and 
height in the SWW model were compared. The overall predictions of PETc were comparable, with a 
difference of 4 mm over the experimental period, which in practice is negligible. However, differences 
were apparent between the evaporation and transpiration components of the total 
evapotranspiration predictions (Table 4.10). This highlights that, under irrigated conditions where the 
surface soil water is not limiting evaporation, to attain accurate estimations of PETc, precise estimates 
of height and LAI may not be necessary. However, for obtaining a holistic picture of water use, accurate 
LAI and height is necessary. For example, at LDF, when measured canopy data were used the estimated 
evaporation and transpiration components were 120 and 480 mm, respectively, compared with 153 
and 451 mm when the DairyMod-simulated pasture data were used. These differences have 
implications for water management decisions, whereby water use can potentially be reduced through 
the reduction of evaporation losses through varying irrigation practices. For example, applying more 
irrigation water less frequently would prevent constant wetting of the surface, and therefore may 
reduce the total time the surface of the soil is subject to evaporative losses over the season (Mermoud 
et al., 2005). This is explored further in Chapter 6. 
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4.5 Conclusions 
The results in this chapter demonstrate that AET varies spatially across the Canterbury Plains and that 
it could not be modelled accurately by using the same crop coefficient time series at all sites, thus 
proving the hypothesis to be true. The results also demonstrate that AET can be modelled to within a 
reasonable accuracy using the SWW PETc model, providing measured or modelled pasture canopy data 
specific to each site are available. This highlights the importance of accounting for variations in the 
canopy through separation of the processes of soil surface evaporation and canopy transpiration in 
the estimation of the potential evapotranspiration. Accordingly, of the models tested, the DCC and 
SWW provided the most accurate estimates of PETc to AET. The results therefore suggest that the SWW 
method should be used in favour of the current ‘best practice’ PM model when estimating 
evapotranspiration from an irrigated, grazed dairy pasture in Canterbury. Further to this, the following 
conclusions can also be drawn from the results of Chapter 4. 
Objective four was achieved in this chapter through the quantification of lysimeter drainage and soil 
moisture, and ultimately the calculation of AET for each lysimeter site. Drainage, as a percentage of 
inflows and drainage variability among lysimeters at each site was typical of Canterbury conditions. 
However, up to 55 mm and 66 mm of the drainage at TSD and LDF, respectively, could have been 
avoided with improved irrigation management. Consequently, total water use could have been 
reduced by up to 11% at LDF and 10% at TSD. While both TSD and LDF were over-irrigated leading to 
excess drainage, at PF soil moisture deficits during the growing season resulted in minimal drainage 
losses.  
Soil water flow simulations using DairyMod and HYDRUS highlighted the potential for run-off from the 
surface of the lysimeters. This occurred where rubber rims were not installed to prevent surface 
redistribution of water, and therefore ensure all water inputs and outputs were able to be quantified. 
Accordingly, at PF, prior to the installation of rubber rims in December 2011 and at TSD where no rims 
were installed, the calculated AET was found to be higher than would likely occur under standard field 
conditions. When the HYDRUS-modelled drainage was used in place of the measured for periods where 
there were no rims, AET predictions became more realistic and in line with those predicted by 
DairyMod and the DCC and SWW models.  
Differences between the DairyMod and HYDRUS predictions of drainage and soil moisture were small, 
but overall HYDRUS was superior. This was a result of the dedicated focus of HYDRUS to simulating soil 
water flow, enabling a greater degree of complexity and dynamism compared with DairyMod, which 
has been designed as a biophysical model for dairy systems.  
Objective 6 involved the development and assessment of crop coefficient time series for estimating 
evapotranspiration, and evaluation of standard PETc models’ ability to accurately predict 
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evapotranspiration for irrigated, grazed dairy pastures. Spatial variations in the derived Kc time series 
were attributable to the time step over which Kc was estimated (i.e. weekly-two weekly time steps), 
while temporal variations were seasonally driven. Statistical analysis of Kc time series for the lysimeter 
sites indicated that no single representative time series could be developed from the data due to 
differences among sites. However, when monthly averaged Kc time series were developed from daily, 
rather than weekly-two weekly data, differences among the sites were reduced. When a mean of the 
lysimeter site time series was used to estimate PETc at each of the three sites, predictions of 
evapotranspiration over the irrigation season were comparable in accuracy to those achieved with 
either the SWW PETc model or DairyMod. Use of the time series developed from standard values given 
by Allen et al. (1998) also yielded predictions to within a similar accuracy. Other Kc time series used in 
the prediction of irrigated pasture water use in Canterbury, including the time series developed by 
Bright (2009a) and the use of a single value of Kc=1 (equal to the PMFAO model predictions), over 
predicted seasonal water use by 32-56% and 34-60%, respectively. Overall, while the spatial variability 
in evapotranspiration between the sites precluded the use of a single Kc time series for irrigation 
management, the lysimeter site-averaged time series could be used for water allocation management 
purposes, for which estimates over longer time steps are acceptable. Yet, the results support the use 
of the SWW model for irrigation management purposes, for which PETc estimates over shorter time 
steps could be achieved, where site-specific measured or modelled pasture canopy data are available. 
The importance of vegetation in controlling evapotranspiration was highlighted throughout the 
results. The plant is not a simple passive interface between the climate and the soil; rather it is a 
dominant component that incorporates the effects of climate and soil. Neither the PT nor the PMFAO 
models actively accounted for the canopy in their estimations of PET. The PM model provided for the 
interactions between the plant and atmosphere. However, it was unable to sufficiently account for the 
complexities associated with varying vegetation height or canopies with low LAI, as occurs under a 
pastoral grazing system. This stems from the inherent assumptions in the model of a closed, uniform, 
well-watered, actively-growing crop. This was largely overcome through use of the DCC and SWW 
models where soil evaporation was separated from transpiration and then recoupled. Doing so 
reduced the degree of error and the systematic pattern to the error in the estimation of irrigated dairy 
pasture water use. This highlighted the importance of the plant characteristics, and that the method 
of estimation used needs to account for the separate influencing processes of soil evaporation and 
canopy transpiration.  
Finally, the accuracy of the pasture height and LAI data in PETc estimations was found to be important 
for obtaining an overall understanding of the water use of the pasture. However, within an irrigated 
system the accuracy of the LAI and height data had little bearing on the overall predictions of PETc due 
to a balancing of transpiration reductions by increases in soil surface evaporation, and vice versa. 
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31/07/2013), 23% greater than the LTM. However, despite being drier annually, rainfall during the 
irrigation season (1 September-30 April) of 2011/12 (410 mm) exceeded the LTM of 389 mm by 5%. In 
2012/13, the irrigation season rainfall (335 mm) fell short of the LTM by 14%. Accordingly, less 
irrigation water was applied during the 2011/12 irrigation season (125 mm) compared with the 200 
mm in the second year. In total, 535 mm of rainfall and irrigation were applied in each of the 2011/12 
and 2012/13 irrigation seasons.  
Daily maximum rainfall and irrigation intensities, calculated from the 10-minute Broadfields 
meteorological station data (rainfall) and on-site irrigation measurements, ranged from a minimum of 
1.2 mm/h up to maximum of 51.6 mm/h, and were generally highest during the period of irrigation 
each year (Figure 5.1). 
Annual PETo totalled 868 mm in 2011/12, lower than the long-term annual average of 906 mm. In 
2012/13 PETo was similar to the LTM at 929 mm. 
Figure 5.2 provides a soil water budget over the two-year experimental period, showing the daily PETo, 
rainfall, irrigation and actual and potential soil moisture contents. The potential soil moisture deficits 
with and without irrigation applied were estimated with Equation 3.2 using the daily PETo and rainfall 
and irrigation data, with a starting soil moisture deficit of 10 mm for each year on 06/08/2011 and 
06/08/2012, based on on-site soil moisture measurements (Figure 5.13). 
For the 500 mm soil profiles, the estimated PSMD without irrigation reached maximums of 434 and 
572 mm in 2011/12 and 2012/13, respectively. With irrigation, the PSMD was maximal at 309 mm in 
2011/12 and 372 mm in 2012/13. These data suggest that soil moisture may have been a limiting factor 
to pasture growth for both the irrigated and dryland treatments. However, the calculated deficits are 
in excess of the total water holding capacity of the 500 mm soil profile. This may indicate that the 
pasture is abstracting water from below a depth of 500 mm. Also, as identified in Chapter 4, the 
estimation of evapotranspiration demand from climate data only (i.e. FAO-PETo), is likely to 
overestimate the actual crop demand (Section 4.3.5), and therefore the actual soil moisture deficit was 
likely less than that estimated in Figure 5.2. 
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Table 5.3 Rainfall, irrigation and reference crop potential evapotranspiration (PETo) for Iversen 
Field (I8) at Lincoln University. Values presented are the annual and irrigation season 
values for the long-term mean (LTM) and for the two-year experimental period. 
Irrigation season (months September-April) values are in brackets. 
Experimental period1 Rainfall (mm)2 Irrigation (mm) PETo (mm)3 
2011/12 607 (410) (125) 868 (743) 
2012/13 787 (335) (200) 929 (811) 
LTM 640 (389)  905 (774) 
Note 1: Experimental periods 2011/12 and 2012/13 extend from 06/08/2011-06/08/2012 and 07/08/2012-31/07/2013, 
respectively.  
Note 2: LTM rainfall values were sourced from NIWA’s Lincoln and Broadfields meteorological stations (3 km north of the 
experimental site) for the period 1972-2013.  
Note 3: LTM PETo was calculated with Equation 2.42 using solar radiation, air temperature, relative humidity and wind 
speed data from NIWA’s Broadfields meteorological station for the period 1999-2013. 
  
 
Figure 5.1 Stacked daily maximum rainfall (■) and irrigation (■) intensities (mm/h) recorded at 
the Broadfields meteorological station (rainfall) and at Iversen Field (I8), Lincoln 
University (irrigation) from 06/08/2011 to 31/07/2013. Rainfall intensities are calculated 
from 10-minute data. 
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Figure 5.2 Daily potential reference crop evapotranspiration (PETo) (―), stacked daily precipitation 
including rainfall (■) and irrigation (■) and the potential soil moisture deficits with (―) 
and without (---) irrigation from 06/08/2011 to 06/08/2012 and from 07/08/2012-
31/07/2013, for Iversen Field (I8) at Lincoln University. PETo was calculated using 
Equation 2.42 with daily climate data sourced from the Broadfields meteorological 
station. 
 
5.2.3.2 Air temperature and solar radiation 
Monthly averaged mean daily air temperature and solar radiation followed similar patterns over the 
two-year experimental period (Figure 5.3). Mean daily air temperature peaked at 15-17°C in January 
of each year, and fell to 6-7°C in June. Monthly averaged mean daily total solar radiation increased 
from a minimum of 4-5 MJ/m2/d in June to a maximum of 23-26 MJ/m2/d through November-January 
of each year. 
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fertiliser (N) (Section 5.2.4.2) were applied to the experiment site according to a randomised block 
design with four replicates (Table 5.4), giving 16 plots. Each plot was 5.0 x 6.0 m in size.  
Table 5.4 Treatment details of perennial ryegrass/white clover experiment located in Iversen Field 
block I8, Lincoln University, Canterbury. Unless stated otherwise in figure captions, 
symbols shown below are used to differentiate the treatments. 
Treatment Irrigation level Nitrogen level Nomenclature Symbol 
1 Irrigated (+I) Fertilised (+N) +I+N  □ 
2 Irrigated (+I) Unfertilised (-N) +I-N ■ 
3 Unirrigated (-I) Fertilised (+N) -I+N ○ 
4 Unirrigated (-I) Unfertilised (-N) -I-N ● 
 
Pasture was sown within the experiment site on 07/01/2011 as a mixture of ‘Samson’ perennial 
ryegrass with AR37 endophyte at 8 kg/ha and white clover ‘Tribute’ at 4 kg/ha.  
The experimental area was grazed by sheep over a 3-5 day period to a residual of 40-50 mm, whenever 
the ryegrass in the irrigated plots had three new fully expanded leaves per tiller. Following grazing, the 
plots were trimmed using a lawn mower to 40-50 mm, where necessary. Table 5.5 provides details of 
the time of grazing and duration of each regrowth cycle throughout the experiment. The experiment 
was measured from 06/08/2011 to 31/07/2013. 
Table 5.5 Regrowth cycles, start and end dates from 06/08/2011 to 31/07/2013 in Iversen Field 
block I8 at Lincoln University, Canterbury. 
Experimental year Regrowth cycle Start date End date1 Regrowth duration (d) 
2011/12 
1 06/08/2011 20/09/2011 46 
2 21/09/2011 27/10/2011 37 
3 28/10/2011 29/11/2011 33 
4 30/11/2011 09/01/2012 41 
5 10/01/2012 15/02/2012 37 
6 16/02/2012 27/03/2012 41 
7 28/03/2012 15/05/2012 49 
8 16/05/2012 06/08/2012 83 
2012/13 
9 07/08/2012 01/10/2012 56 
10 02/10/2012 07/11/2012 37 
11 08/11/2012 12/12/2012 35 
12 13/12/2012 14/01/2013 33 
13 15/01/2013 11/02/2013 28 
14 12/02/2013 21/03/2013 38 
15 22/03/2013 01/05/2013 41 
16 02/05/2013 31/07/2013 91 
Note 1: End date also indicates first day of grazing. 
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5.2.4.1) was added to the daily rainfall totals. Nitrogen fertiliser was applied immediately following 
each grazing at the rate of 50 kg N/ha (Section 5.2.4.2). For the unfertilised pastures, an initialisation 
period of 10 years with 10 loops with N fertiliser applied was followed by a single loop simulation for 
the period 2011-2013 with no N fertiliser (Johnson, 2013b). 
Within the biophysics water module, the soil hydraulic and physical properties were defined. The soil 
layers in Table 5.1 were condensed to three layers (as required by the model): 0-200 mm, 200-400 mm 
and 400-500 mm. The layers approximately corresponded to changes in textural layers detailed by 
Watt and Burgham (1992). Ksat, θs and θr values were those used and tested in the HYDRUS simulations 
(Section 5.2.6.2) from soil water retention measurements for a Wakanui silt loam soil, taken 1.4 km 
east of the experiment site, given by Greenwood (1989) (Table 5.1). Field capacity and wilting point 
values for the individual layers were estimated from water retention curve data (Appendix 25), derived 
from modified soil hydraulic parameters estimated for the HYDRUS simulations (Section 5.2.6.2). Soil 
water potentials of -10 kPa for field capacity and -1,500 kPa for wilting point were used (McLaren & 
Cameron, 1996). The retention data confirmed a field capacity of ~35% as reported by Black and 
Murdoch (2013) (Section 5.2.2), but indicated a wilting point closer to 15%. According to Watt and 
Burgham (1992), the clay composition of the soil is about 25%.  
Site-specific parameters that may vary from those applied in the calibrated model (Section 3.2.6.1) 
include the residual biomass, the rooting depth and the temperature stress functions relating to white 
clover. At LDF, a residual pasture height of 50-60 mm equated to ~1 t DM/ha (Section 3.2.5.1), 
therefore this has been assumed, initially, to also apply to the 50 mm residual for the Lincoln 
experiment. The rooting depth of the pasture was unknown, and the potential rooting depth was 
unrestricted compared with in the lysimeter experiment where the base of the lysimeters restricted 
roots to a maximum of 700 mm. Clover was excluded from the calibrated model, but was observed as 
present at the Lincoln experiment site. Accordingly, an analysis to determine appropriate rooting 
depths for the ryegrass and clover pasture components and the white clover temperature functions 
was required.  
Site-specific parameter testing overview 
Testing of the site-specific parameters was carried out for the ryegrass-based fertilised and irrigated 
(+I+N) pastures, then applied to the remaining three treatments (-I+N, +I-N and -I-N). Appropriate 
rooting depths for the dryland pastures were tested. 
The ranges tested for each of the parameters were based on a combination of the model default 
values, values reported in the literature and iterative adjustment of the parameters sufficient to allow 
a trend to be identified (Table 5.6). The model dictated the change increments applied to each of the 
parameters tested. 
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Post-grazing residuals of 0.8-1.6 t DM/ha were assessed, based on typical grazing residuals reported in 
the literature (Section 2.3.2.5) to determine whether the assumption of 1 t DM/ha was appropriate. 
Rooting depths of 300-1100 mm were tested based on those reported in the literature (Section 
2.3.2.1). High and low temperature stress functions for white clover were tested as both active and 
inactive. When active, the temperature stress ranges given in Table 5.6 were tested.  
Table 5.6 Parameter testing comparing post-grazing herbage residuals, rooting depths, 
temperature and stress functions, clay content and wilting point values in DairyMod 
simulations for the +I+N pastures, and rooting depths for the -I+N pastures at Lincoln 
University. Treatment acronyms were given in Table 5.4. 
Parameters Range tested 
Change 
increments 
NSE NRMSD 
Residual biomass (t DM/ha) 0.8-1.6 0.1 -0.43-0.40 0.34-0.52 
Rooting depth (mm) 
Ryegrass irrigated 
300-1100 100 
0.40-0.41 0.33-0.34 
White clover irrigated 0.39-0.40 0.33-0.34 
Ryegrass dryland 0.54-0.58 0.45-0.47 
White clover dryland 0.55-0.64 0.41-0.47 
   
No temperature stress - - 0.41 0.33 
Temperature stress 
white clover (°C) 
Low, initial -7-0 1 0.17-0.40 0.33-0.39 
Low, full -10-0 1 -0.67-0.17 0.39-0.56 
Low, sum for recovery 0 -100 10 0.40-0.40 0.33 
High, initial 25-34 1 0.11-0.41 0.33-0.41 
High, full 34-40 1 0.40-0.41 0.33-0.34 
High, sum for recovery 0-100 10 0.40-0.41 0.33-0.34 
Pm white clover (°C) 
Minimum temperature 1-6 1 -0.10-0.41 0.33-0.43 
Optimum temperature 19-30 1 0.31-0.41 0.33-0.36 
NSE is the Nash-Sutcliffe coefficient and NRMSD the normalised root mean square deviation, used to compare the 
simulated and observed herbage accumulation. 
 
Simulated herbage yields were statistically compared with the observed herbage yields using the NSE 
coefficient and NRMSD (Section 2.5). For each tested parameter, the value that gave the highest NSE 
coefficient and lowest NRMSD was selected. Where the default model value gave the closest fit with 
the observed data, the default value was maintained (Table 5.7). A summary of the analyses is provided 
in Table 5.6. As discussed in Section 3.2.6.1, it is recognised that the sensitivity analysis process 
followed is likely to give a local rather than global optimum. However, the model prevents systematic 
variation of all parameters to seek a global ‘best’ combination. 
Results of the sensitivity analysis for Iverson Field 
Of the parameters tested, the post-grazing herbage residual resulted in the greatest range of NSE 
values (Table 5.6). The residual biomass that corresponded to the highest NSE value of 0.40 was 1.6 t 
DM/ha, suggesting that for the same residual height as LDF, there was 60% more biomass.  
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For the irrigated pastures, increasing the rooting depth for ryegrass and clover to 600 and 900 mm, 
respectively, increased the NSE to 0.41 and reduced the NRMSD to 0.33. For the dryland pastures, the 
NSE and NRMSD were 0.64 and 0.41, respectively, when a rooting depth of 500 mm was used for 
ryegrass and 700 mm for white clover. These rooting depths suggest that the pastures were abstracting 
water below the 500 mm soil moisture measurement depth (Section 5.2.5.3) included in the 
experiment. However, DairyMod does not allow more than three soil layers to be set in the model, 
therefore the lower layer of 400-500 mm (Table 5.8) was extended to 900 mm. Based on the soil water 
content at varying matric potentials and saturated hydraulic conductivity data given for a Wakanui silt 
loam in Table 5.1, this assumption is reasonable. The model default rooting depths are 400 mm for 
ryegrass and white clover.  
Implementing the high and low temperature stress parameters for white clover had no effect on the 
overall predictions. Accordingly, the high and low temperature functions were left inactive. Changes 
to the default minimum and optimum Pm temperatures for white clover reduced the NSE coefficients 
and increased the NRMSD values; therefore, the default values of 3°C and 23°C, respectively, were 
maintained. Table 5.7 provides a summary of the model default pasture values and final values used 
in the Lincoln simulations, based on the calibrated model settings (Table 3.9) and the site-specific 
parameters determined for the Lincoln experiment. Table 5.8 provides a summary of the soil physical 
parameters applied to the irrigated and dryland pastures. 
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Table 5.7 Modifications to the default post-grazing herbage residuals, pasture rooting depths and 
stress functions in DairyMod for pasture growth simulations of irrigated and dryland 
perennial ryegrass/white clover pastures at Iversen Field block I8, Lincoln University, 
Canterbury.  
Parameter 
DairyMod 
Default 
Irrigated Dryland 
Post-grazing herbage residual (t DM/ha) - 1.6 
Rooting depth (mm) 
Ryegrass 400 600 500 
White clover 400 900 700 
Low temperature stress 
ryegrass (°C)1 
Low, initial 
FALSE 
-1 
Low, full -5 
Low, sum for recovery 130 
High temperature stress 
ryegrass (°C) 1 
High, initial 
FALSE 
24 
High, full  25 
High, sum for recovery 40 
Low temperature stress 
white clover (°C) 
Low, initial 
FALSE FALSE Low, full 
Low, sum for recovery 
High temperature stress 
white clover (°C) 
High, initial 
FALSE FALSE High, full  
High, sum for recovery 
Pm minimum temperature 
(°C) 
Ryegrass1 3 4.5 
White clover 3 3 
Pm optimum temperature 
(°C) 
Ryegrass1 23 23 
White clover 23 23 
Note 1: values based on the calibrated model values (Table 3.8) 
 
Table 5.8 Soil hydraulic property values used in DairyMod pasture growth simulations for irrigated 
and dryland perennial ryegrass/white clover pastures at Iversen Field block I8, Lincoln 
University, Canterbury. 
Soil layer 
Depth1 
(mm) 
Ksat  
(mm/d) 
θs 
(%volume) 
θr 
(%volume) 
FC 
(%volume) 
WP 
(%volume) 
Clay 
content (%) 
1 0-200 1608 48 0 37 17 
25 2 200-400 720 37 0 35 13 
3 400-900 36 32 0 31 15 
Note 1: Changes in textural layers reported by Watt and Burgham (1992) were 180 mm, and 360 mm. However, 
DairyMod rounds to the nearest 100 mm resulting in 0-200, 200-400 and 400-900 mm layers. 
θs and θr are the saturated and air dry water contents, Ksat the saturated soil hydraulic conductivity, FC field capacity and 
WP the wilting point. 
 
5.2.6.2 Simulating soil water flow in a field soil profile under ryegrass/white clover pasture 
Both DairyMod and HYDRUS were used to simulate changes in soil moisture from 0-900 mm, drainage 
below the estimated maximum rooting depth of 900 mm and surface runoff of water for the 16 
treatment plots at Lincoln University over the experimental period. DairyMod and HYDRUS soil 
moisture content predictions for the upper 500 mm soil profile were validated against average 500 
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mm profile soil moisture content measurements beneath ryegrass/white clover pastures of varying 
performance (Section 5.3.5). Validation of simulated soil moisture against measured data within the 
root zone is a common approach applied throughout the literature when modelling soil water flow 
(Jiang et al., 2010; Wöhling & Vrugt, 2007; Zhou et al., 2012). Validation of the models at the Lincoln 
site was an important step in the current research as, without an understanding of drainage and soil 
moisture changes over the rooting zone, potentially significant over-estimations in the calculation of 
AET (Equation 4.2) could occur. The predictive abilities of the models were quantified using the NSE 
and NRMSD (Section 2.5). 
The HYDRUS simulations assumed one-dimensional, uniform water flow through the soil profile. Each 
simulation was run for a period of 726 days from 06 August 2011 through to 31 July 2013. The soil 
profile within each pasture plot was separated into 14 layers. Each of the first 13 layers were 50 mm 
in thickness and extended from 0-650 mm, corresponding to the soil water retention measurement 
depths given by Greenwood (1989) (Table 5.1). A base layer of 250 mm extended from 650-900 mm. 
No data could be found for the soil below 700 mm, therefore it was assumed that the data measured 
for 650-700 mm in Table 5.1 was representative of that to 900 mm. A uniform spatial discretization of 
Δx = 1 mm (901 nodes, 900 elements) was used for the model calculation grid.  
At the soil surface, an atmospheric boundary condition with surface run-off was applied, as there was 
nothing inhibiting this. Daily values of potential evaporation and transpiration were calculated using 
the SWW model (Section 5.3.7). The SWW model was used based on the results presented in Chapter 
4 and the ability to separate the processes of evaporation and transpiration (Section 2.4.2.4). Daily 
rainfall, to which was added irrigation for the +I pastures, was that recorded at the Broadfields 
meteorological site (Section 5.2.3.1). The bottom boundary condition consisted of free drainage. 
The van Genuchten-Mualem soil hydraulic model (van Genuchten, 1980) was selected for the soil 
hydraulic properties (Section 2.3.3.4). RETC (version 6.02) (van Genuchten et al., 1991) was used to 
predict soil hydraulic parameters (α, n, θr, and θs) used in the van Genuchten-Mualem model (Equation 
2.32) from the soil water retention data for a Wakanui silt loam soil 1.4 km east of the experiment site 
given by Greenwood (1989) (Table 5.1) (Pang et al., 2008; Sarmah et al., 2006). Mualem (1976) 
estimated the pore connectivity parameter l in the hydraulic conductivity function to average 0.5 for 
most soils. Saturated hydraulic conductivity values (Ksat) for each layer were taken from Watt and 
Burgham (1992) for a Wakanui soil, based on measurements 1.4 km north of the experiment site (Table 
5.1). Table 5.9 provides a summary of the soil hydraulic parameters estimated using RETC, and Ksat 
values for each 50 mm layer. 
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Table 5.9 Saturated hydraulic conductivity taken from Watt and Burgham (1992), and van 
Genuchten (1980) soil hydraulic parameters estimated using RETC from measured water 
retention data taken from Greenwood (1989) for a Wakanui silt loam soil, 1.4 km from 
the experiment site. 
Soil layer 
Depth 
(mm) 
θr 
(mm3/mm3) 
θs 
(mm3/mm3) 
α  
(1/mm) 
n  l  
Ksat  
(mm/d) 
1 0-50 0 0.42 0.0114 1.09 0.5 1608 
2 50-100 0 0.48 0.0148 1.10 0.5 1608 
3 100-150 0 0.48 0.0171 1.10 0.5 1608 
4 150-200 0 0.48 0.0200 1.10 0.5 1608 
5 200-250 0 0.39 0.0019 1.14 0.5 720 
6 250-300 0 0.38 0.0015 1.14 0.5 720 
7 300-350 0 0.35 0.0017 1.11 0.5 720 
8 350-400 0 0.33 0.0013 1.11 0.5 36 
9 400-450 0 0.31 0.0003 1.15 0.5 36 
10 450-500 0 0.33 0.0002 1.17 0.5 36 
11 500-550 0 0.34 0.0002 1.21 0.5 48 
12 550-600 0 0.34 0.0002 1.18 0.5 48 
13 600-650 0 0.35 0.0004 1.16 0.5 48 
14 650-9001 0 0.35 0.0003 1.18 0.5 48 
Note 1: Soil layer values based on measured water retention and saturated hydraulic conductivity data for 650-700 mm in 
Table 5.1, but assumed to represent the soil down to 900 mm. 
θr and θs are the residual and saturated water contents, Ksat the saturated soil hydraulic conductivity, l the tortuosity 
parameter in the conductivity function and α and n parameters in the soil water retention function. 
 
Root water uptake was simulated using the Feddes water uptake reduction model (Feddes et al., 2001; 
Feddes et al., 1978) (Section 2.3.3.4). Root water uptake parameters used in the calibrated model at 
LDF were applied at the Lincoln experiment site (Table 4.3). The critical stress water uptake index (or 
root adaptability factor) was set to zero to allow fully compensated root water uptake. The minimum 
allowed pressure head at the soil surface, below which soil evaporation is restricted, was set at a 
suction of -1500 kPa. 
Site-specific parameter testing overview 
Testing of the site-specific soil hydraulic parameters in Table 5.9 was carried out for the ryegrass-based 
fertilised and irrigated (+I+N) pastures to determine if they were representative at the experimental 
site. The tested parameters were then applied to the remaining three treatments (-I+N, +I-N and -I-N). 
Parameters were adjusted according to the intervals specified in Table 5.10. The estimated soil 
hydraulic parameters in Table 5.9 were initially assumed then iteratively decreased and increased on 
a percentage basis, as detailed in Table 5.10, to allow a trend to be identified. 
Simulated average soil moisture contents of the upper 500 mm soil profile were statistically compared 
with the treatment average observed soil moisture data using the NSE and RMSD (Section 2.5). For 

184 
provided appropriate fits and were unaffected by N fertiliser. For Regrowth 7, a quadratic model was 
required and Regrowth 5 was affected by N (P<0.001). Coefficients of determination (r2) were between 
0.53 and 0.94. 
 
Figure 5.5 Coefficients of calibration equations a (◇), b (◆) and c (□) for a rising plate meter (RPM) 
used to estimate herbage mass of a perennial ryegrass/white clover sward at Lincoln, 
over 16 continuous regrowth cycles between 06/18/2011 and 31/07/2013. Normally 
calibrations were linear, unaffected by nitrogen (N) fertiliser and irrigation (𝑦 = 𝑎 + 𝑏𝑥, 
where y is herbage mass and x is RPM reading). Regrowth 7 required a quadratic model 
(𝑦 = 𝑎 + 𝑏𝑥 + 𝑐𝑥2) and for Regrowth 5 the linear model was affected by ±N (y−N =
a−N + b−N × x and y+N = [a−N + a+N] + [b−N + b+N] × x. Sourced from Black and 
Murdoch (2013). 
 
The total yield (TY, kg DM/ha) for each regrowth interval, being the change in herbage mass since the 
last grazing date, was calculated from the pre-grazing herbage mass minus the residual or post-grazing 
herbage mass. The herbage mass accumulation during grazing, which occurred for 3-10 days, was 
assumed zero.  
5.2.7.2 Thermal time and temperature adjusted growth rates 
Thermal time (Tt) was calculated using the method provided by Jones and Kiniry (1986), for which a 
sinusoidal function is fitted to mean daily air temperature, where it exceeds Tb (Section 2.3.2.3 and 
Equation 2.3). Air temperature data from Broadfields (Section 5.2.3.2), recorded at 10-minute 
intervals, was used to calculate Tt with Tb = 3°C and Topt = 23°C, in line with the results of DairyMod 
sensitivity analysis (Table 5.7) and values reported in the literature (Section 2.3.2.3). Tt values were 
summed to give daily values, and accumulated over 1-2 week periods, based on herbage yield 
measurements. 
Temperature adjusted growth rates (TAGR) were determined from the slope of the relationship 
between accumulated total herbage yield and accumulated Tt (Section 5.2.8).  
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5.2.7.3 Total soil water content 
The total soil water content (θ, mm) for the soil profile was calculated by multiplying the profile depth 
of 500 mm by the volumetric water content of the soil. 
5.2.7.4 Actual evapotranspiration 
AET was calculated over the rooting zone of 900 mm, based on the results of the DairyMod parameter 
testing (Table 5.7), for each of the 16 treatment plots. AET was calculated between each successive 
soil moisture measurement using a simple water balance approach (Equation 4.2) based on that given 
by Russell and Norman (1959). 
Rainfall (R) data were sourced from the Broadfields meteorological station (Figure 5.2). Irrigation 
depths applied were recorded on site (Figure 5.2). Changes in the soil water content (θ) from 0-500 
mm were measured throughout the experiment (Section 5.3.5.1) and from 500-900 mm were 
modelled using HYDRUS (Section 2.3.3.4). Drainage and surface water run-off were also modelled using 
HYDRUS. 
Mean daily AET rates (AETdaily, mm/d) were calculated for each regrowth cycle by dividing the total AET 
per regrowth cycle (mm) by the cycle duration (d). 
5.2.7.5 Potential evapotranspiration 
The daily PETc for the treatment pastures were estimated using a number of methods, which were 
then compared. The DairyMod model outputs of evapotranspiration were firstly analysed. The mean 
lysimeter monthly average Kc time series developed from AET (with potential drainage) (Figure 4.19) 
and the mean lysimeter SWW-PETc-derived time series (Figure 4.18) in Chapter 4 were used to 
estimate PETC with Equation 2.37. Daily PETo estimates used were those given in Figure 5.2. The 
DairyMod and Kc PETc predictions were then compared with predictions using the SWW model, which 
had previously provided the most accurate estimates of PETc in the lysimeter experiments (Section 
4.3.5).  
The SWW model (Equations 2.47-2.54) was used to calculate daily potential from the 16 perennial 
ryegrass/white clover pasture plots. The model requires daily climatological inputs (solar radiation, air 
temperature, relative humidity and wind speed) and daily biophysical inputs of canopy leaf area index 
(LAI) and height (h) (Section 2.4.2.4). 
Daily climate data were sourced from the Broadfields meteorological station (Section 5.2.3). Daily LAI 
and h values were estimated from RPM readings (Section 5.2.5.1), using the equations derived from 
the linear regression of h (y-axis) against RPM heights (x-axis) and LAI (y-axis) against h (x-axis) at 
Larundel Dairy Farm (not shown), as follows: 
 h (mm) = 1.84 × RPM − 4.16 5.2 
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Validation of DairyMod for simulating pasture growth was carried out through comparison of annual 
and regrowth cycle-based simulated and measured herbage mass for each of the pastures. The use of 
DairyMod and HYDRUS for the simulation of soil water flow was validated at the Lincoln site through 
comparison of simulated and observed soil moisture data for the upper 0-500 mm soil profile for each 
measurement date (Wöhling & Vrugt, 2007; Zhou et al., 2012). Predictions of PETc using the DairyMod 
model, Kc time series from Chapter 4 and the SWW model were validated against measured AET. The 
goodness of fit of each of the HYDRUS, DairyMod and PETc predictions with measured data was 
determined using the NSE coefficient and the RMSD, normalised to the mean of the observed data 
(Equations 2.55-2.57). Simulated outputs that generated the highest NSE coefficient and lowest 
RMSD/NRMSD were deemed to provide the best fit with the observed data. 
To gain further insight into causes of the DairyMod and HYDRUS model deviations from the observed 
data, the MSD was partitioned into the squared bias (SB), non-unit slope (NU) and lack of correlation 
(LC), as given by Equations 2.58-2.61. 
Where data are presented in tables, italicised font has been used to distinguish simulated results from 
measured data, for which normal font has been maintained.  
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interaction (P=0.01), but it accounted for <3% of the SST. In both years there was a change in the TAGR 
of all pastures between November and January, where the TAGR reduced. In 2011/12, the TAGR for 
the -N pastures changed on the 30/11/2011, whereas the date of change for the +N pastures varied 
with irrigation (Figure 5.7). The TAGR of the +I+N pastures did not change until 07/01/2012, one month 
later than that for the -I+N pastures. In 2012/13, the TAGR of the +I pastures reduced 2-3 weeks later 
than that for the -I pastures. The observed changes were in response to soil moisture deficits, which 
has been discussed in Section 5.4.1.2.  
 
 
Figure 5.7 Influence of N fertiliser and irrigation on the relationship between accumulated total 
herbage yield and accumulated thermal time (Tt) of perennial ryegrass/white clover 
pastures at Lincoln University, Canterbury, for the periods 06/08/2011-06/08/2012 
(2011/12) and 07/08/2012-31/07/2013 (2012/13), above a base temperature of 3°C. 
Treatments are +I+N (□), +I-N (■), -I+N (○) and -I-N (●). Dates when the temperature-
adjusted growth rates (TAGR) (slopes of lines) changed are indicated. Treatment 
acronyms were given in Table 5.4. Yield data were sourced from Black and Murdoch 
(2013). 
  
0
5000
10000
15000
20000
25000
0 1,000 2,000 3,000 4,000
A
cc
u
m
u
la
te
d
 y
ie
ld
 (
kg
 D
M
/h
a)
2011/12
07-Jan
30-Nov
0
5000
10000
15000
20000
25000
0 1,000 2,000 3,000 4,000
2012/13
19-Dec
0
5000
10000
15000
20000
25000
0 1,000 2,000 3,000 4,000
A
cc
u
m
u
la
te
d
 y
ie
ld
 (
kg
 D
M
/h
a)
Accumulated Tt (°Cd)
2011/12
6-Dec
30-Nov
0
5000
10000
15000
20000
25000
0 1,000 2,000 3,000 4,000
Accumulated Tt (°Cd)
2012/13
29-Nov
25-Nov
13-Dec 


192 
(Tsum,high), as per the sensitivity analysis in Chapter 3 (Section 3.2.6.1). The analysis identified that 
reducing Tmin to 33°C, inactivating the low temperature ryegrass stress functions and adjusting Tmx,low, 
Tmx,high and Tsum,high to 24°C, 28°C and 20°C (sum) improved yield estimations for the +N pastures (Figure 
5.9c-d, Table 5.12). Reducing Tmin to 33°C, inactivating the low temperature ryegrass stress functions 
and adjusting Tmx,low, Tmx,high and Tsum,high to 26°C, 29°C and 30°C (sum) improved the simulated yields of 
the -N pastures (Table 5.12). Table 5.13 provides a summary  of the final values applied in the Lincoln 
experiment. When the low values ascribed to the high temperature stress parameters in the calibrated 
model (Chapter 3) were applied to the Lincoln experiment, temperature become more limiting than 
the influence of nitrogen within the model, as was identified in Section 3.4.1.7. Accordingly the model 
was unable to respond to changes in the applied nitrogen fertiliser. The changes to the temperature 
stress functions improved predictions in the Lincoln experiment, which were considered valid and 
therefore maintained.  This has been  discussed in Section 5.4.2. 
Across all treatments, but to a greater extent in the +N pastures, the simulated herbage accumulation 
during Regrowths 1 and 9 was lower when compared with the observed, resulting in an initial offset at 
the start of each year. This increased in the +N pastures mid 2011/12 when the simulated herbage 
accumulation during Regrowths 5 and 8 reduced in the +I pastures and nearly ceased in the -I pastures.  
The initial offset at the start of each season appeared to be a function of the residual herbage mass. 
When this was increased in the +N pastures from 1.6 t DM/ha to 3 t DM/ha for the first regrowth cycles 
of 2011/12 and 2012/13, and to 2 t DM/ha for the -N pastures for Regrowths 1 and 9, the initial offset 
was largely eliminated. While residuals of 2-3 t DM/ha are high and outside of that reported in the 
literature as typical (Section 2.3.2.5), plots of accumulated yield against water use indicate starting 
residuals of up to 2.2 t DM/ha were possible (Figure 5.19). Therefore, the adjustments to the initial 
herbage residuals in the model were maintained to enable the best fit with the observed data.   
The reduction in the simulated herbage accumulation during Regrowths 5 and 8 was a function of 
water stress. During these regrowth periods, the simulated soil moisture content reduced such that 
the ‘gwater’ function (Figure 2.5) fell below 1.0 and growth was restricted accordingly. To minimise the 
effect, the transpiration stress coefficient, being a scale factor between wilting point and field capacity 
for the onset of water stress, was reduced incrementally from the default 0.8 to 0.4. In doing so 
however, the effect on pasture growth was minimal. For example, in the irrigated pastures 45 mm of 
water (rainfall and irrigation) was applied on 16/12/11, which was followed by a one-month period 
with little (<3 mm) water applied. With a transpiration stress coefficient of 0.8 this led to gwater falling 
below 1.0 for the period 23/12/12 to 13/01/12 in the +I+N pastures. When the transpiration stress 
coefficient was reduced to 0.4, however, the result was only a small (three day) delay in the timing of 
water stress (not shown). Accordingly, the only way found to alleviate stress within the model was to 
apply irrigation just prior to the onset of water stress, although this was not done. For the -N pastures, 
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it appears the opposite was true, in that the transpiration stress function in the model was not as 
restrictive as what actually occurred, leading to the over-estimation in herbage accumulation during 
2011/12. Figure 5.9c-d shows the DairyMod simulated yields following adjustments to the calibrated 
model temperature stress functions for perennial ryegrass, with the increase in the residual herbage 
for Regrowths 1 and 9.. These changes have been maintained in the results presented throughout the 
remainder of this chapter. 
 
 
Figure 5.9 Observed (symbols) and DairyMod-simulated (lines) accumulated herbage yield of 
perennial ryegrass/white clover pastures at Lincoln University, Canterbury, for the 
periods 06/08/2011-06/08/2012 and 07/08/2012-31/07/2013. Treatments are +I+N (---
, □), +I-N (, ■), -I+N (---, ○) and -I-N (, ●). Plots (a) and (b) show the calibrated 
model simulated herbage yields. Plots (c) and (d) show the simulated herbage yields 
following adjustments to the calibrated model temperature stress functions for ryegrass 
and the herbage residuals for Regrowth 1 and 9. Treatment acronyms were given in 
Table 5.4. 
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Table 5.12 Summary statistics indicating DairyMod performance for herbage accumulation at 
Lincoln University, Canterbury for the periods 06/08/2011-06/08/2012 (2011/12) and 
07/08/2012-31/07/2013 (2012/13) with the calibrated model and following 
adjustments to the calibrated model. Treatment acronyms were given in Table 5.4. 
Yield statistics 
2011/12 2012/13 2011/12 2012/13 2011/12 2012/13 2011/12 2012/13 
+I+N +I-N -I+N -I-N 
Observed Total (t DM/ha) 20.6 15.4 14.3 11.3 17.7 10.8 10.8 7.7 
Calibrated model1 
Total (t DM/ha) 17.9 18.6 18.0 18.6 15.1 12.3 14.5 12.5 
NSE 0.41 -0.69 0.64 -0.16 
NRMSD 0.33 0.61 0.41 0.82 
SB, NU, LC (%) 0, 8, 92 50, 15, 35 1, 1, 98 32, 23, 45 
Post adjustments 
to calibrated 
model2 
Total (t DM/ha) 18.3 16.1 14.9 10.1 16.1 11.6 12.8 6.5 
NSE 0.51 0.32 0.70 0.21 
NRMSD 0.30 0.38 0.38 0.68 
SB, NU, LC (%) 2, 0, 98 0, 17, 83 1, 0, 99 2, 21, 78 
Note 1: based on simulation results using the calibrated DairyMod model from Chapter 3 (Section 3.2.6.1). 
Note 2: based on adjustments made to the temperature stress functions for ryegrass from those in the calibrated model and 
the herbage residuals for Regrowth 1 and 9. 
 
NSE is the Nash-Sutcliffe efficiency and NRMSD is the normalised root mean square deviation. The mean square deviation was 
separated into the squared bias (SB), the non-unit slope (NU) and lack of correlation (LC). 
 
Table 5.13 Final parameter selection for DairyMod pasture growth simulations of irrigated and 
dryland perennial ryegrass/white clover pastures at Iversen Field block I8, Lincoln 
University, Canterbury.  
Parameter Irrigated Dryland 
Post-grazing herbage residual (t DM/ha) 1.6 
Rooting depth (mm) 
Ryegrass 600 500 
White clover 900 700 
Low temperature stress ryegrass (°C)1 
Low, initial 
FALSE Low, full 
Low, sum for recovery 
High temperature stress ryegrass (°C) 1 
High, initial 24 (+N), 26 (-N) 
High, full  28 (+N), 29 (+N) 
High, sum for recovery 20 (+N), 30 (+N) 
Low temperature stress white clover (°C) 
Low, initial 
FALSE Low, full 
Low, sum for recovery 
High temperature stress white clover (°C) 
High, initial 
FALSE High, full  
High, sum for recovery 
Pm minimum temperature (°C) 
Ryegrass 3 
White clover 3 
Pm optimum temperature (°C) 
Ryegrass 23 
White clover 23 
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5.3.4.1 Canopy leaf area and height 
In response to grazing, the simulated daily height (Figure 5.10) and LAI (Figure 5.11) followed the same 
daily pattern as the measured data. NSE coefficients of 0.12-0.29 and NRMSD values of 0.35-0.37 when 
the observed and simulated LAI data were compared were indicative of a reasonably poor match (Table 
5.14). For pasture height, NSE coefficients were between <0-0.21 with NRMSD of 0.42-0.53. Overall, 
DairyMod under-predicted the LAI of the pastures and over-predicted the height, indicating that the 
model did not produce enough tillers. On average, the simulated daily leaf area index was 16% less 
(0.5) than the measured (Table 5.14), but the high LC components of the MSD (76-79%) were indicative 
of a reasonably well distributed bias. The simulated mean daily canopy height had a mean daily bias of 
27%, whereby the simulated height was on average 36 mm taller than that measured (Table 5.14). This 
was due to higher simulated residual heights of 50-220 mm compared with the measured 37-50 mm. 
Section 5.3.7.2 compares SWW estimated PETc using observed and simulated canopy data for each of 
the pastures. 
 
Figure 5.10 Daily observed (, ) and DairyMod-simulated () canopy height with ± irrigation and 
± nitrogen for perennial ryegrass/white clover pastures at Lincoln University, 
Canterbury, for the period 06/08/2011-31/07/2013. Treatment acronyms were given in 
Table 5.4. 
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Figure 5.11 Daily observed (, ) and DairyMod-simulated () canopy leaf area index (LAI) with ± 
irrigation and ± nitrogen for perennial ryegrass/white clover pastures at Lincoln 
University, Canterbury, for the period 06/08/2011-31/07/2013. Treatment acronyms 
were given in Table 5.4. 
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Table 5.14 Summary statistics indicating DairyMod performance for daily estimation of leaf area 
index (LAI) and height (h) of perennial ryegrass/white clover pastures at Lincoln 
University, Canterbury, for the period 06/08/2011-31/07/2013. Treatment acronyms 
were given in Table 5.4.  
 All data +I+N +I-N -I+N -I-N 
Canopy leaf area index (LAI)      
Measured LAI range  0.9-8.7 0.9-8.7 1-7.2 0.9-8.7 0.9-7.3 
Modelled LAI range  0.8-6.6 1.1-6.6 0.8-6.1 1.1-6.6 0.8-6.0 
Measured mean LAI  3.2 3.6 3.1 3.3 2.8 
Modelled mean LAI  2.7 3.0 2.6 2.8 2.4 
Mean daily bias  -0.5 -0.6 -0.5 -0.5 -0.4 
NSE 0.40 0.44 0.31 0.47 0.30 
NRMSD 0.36 0.35 0.36 0.36 0.36 
SB, NU, LC (%)  22, 2, 77 19, 5, 76 18, 3, 79 12, 11, 77 
Canopy height (h)      
Measured h range (mm) 37-371 37-371 41-307 37-369 39-311 
Modelled h range (mm) 52-361 73-361 52-344 74-361 54-341 
Measured mean h (mm) 135 152 131 140 118 
Modelled mean h (mm) 171 188 166 175 156 
Mean daily bias (mm) 36 36 35 35 38 
NSE 0.00 0.21 -0.12 0.13 -0.53 
NRMSD 0.46 0.42 0.46 0.46 0.53 
SB, NU, LC (%)  30, 16, 54 33, 21, 46 32, 20, 48 38, 26, 36 
Note: NSE is the Nash-Sutcliffe efficiency, RMSD is the root mean square deviation and NRMSD is the normalised root mean 
square deviation. The mean square deviation was separated into the squared bias (SB), the non-unit slope (NU) and lack of 
correlation (LC).  
The measured LAI and height data were estimated from rising plate meter measurements made throughout the experiment 
(Section 5.2.7.5). 
 
5.3.4.2 Nitrogen 
Despite the tendency of the model at the Lincoln field site to consistently under-estimate leaf area 
(Table 5.14) and under-estimate total herbage accumulation 50% of the time (Figure 5.9), the 
simulated nitrogen contents of the +I+N, -I+N and -I-N pastures were consistently higher than the 
observed, with biases of 0.34-1.12% N, although differences of up to 2% N occurred (Figure 5.12). For 
the -I+N pastures, DairyMod over-estimated the N content for the first 10 regrowths, but for 
Regrowths 11-16 the model under-estimated the N content of the pasture. 

199 
5/06/2012. However, during this period the pastures produced 3.3-6.0 t DM/ha of herbage, although, 
this was less than the 6.3-8.6 t DM/ha produced by the +I pastures for the same period. Over a six 
month period in 2012/13 (November-April), the -I pastures produced 2-2.7 t DM/ha, represented by a 
flattening out in the herbage accumulation in Figure 5.6, compared with 6.3-8.7 t DM/ha in the +I 
pastures. This provides some indication that while pasture accumulation continued in the dryland 
pastures, it was reduced in response to limiting water conditions.   
When the dates of the apparent water stress periods are compared with the dates at which the TAGR 
changed in each of the pastures, it appears that water was abstracted from below the measured 500 
mm. For example, in 2012/13, the apparent water stress in the -I pastures commenced in the first week 
on November 2012. However, the TAGR did not change until the end of November. This supports the 
DairyMod results, which suggest that water may have been abstracted from a depth of up to 900 mm 
(Section 5.2.6.1).  
5.3.5.2 Simulated soil water flow with DairyMod and HYDRUS 
Simulated soil moisture 
The observed soil moisture for the upper 500 mm is compared with the outputs from the biophysical 
model DairyMod in Figure 5.14 and Table 5.15. The simulated soil moisture content over the estimated 
rooting zone of 900 mm is also shown.  
There was a general over-estimation in the SMC by DairyMod, with mean daily biases of 4-7% (20-35 
mm). Calculated NSE coefficients indicated a poor fit between the simulated and observed soil 
moisture at less than zero, although NRMSD values of 0.17-0.33 suggested a reasonable match. When 
separated for each treatment, the MSDs were represented by a high SB component (65-78%), while a 
lack of correlation accounted for only 16-35%. Over-estimation of the SMC has the potential to 
increase the simulated drainage and/or run-off above what is likely to have actually occurred. Reasons 
for the simulated over-estimations are discussed in Section 5.4.3. 
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Figure 5.14 Residual analysis of observed and DairyMod-simulated soil moisture content (SMC) to 
500 mm depth at Lincoln University, Canterbury, for the period 06/08/11-31/07/13. 
Treatments are +I+N (□), +I-N (■), -I+N (○) and -I-N (●). Treatment acronyms were 
given in Table 5.4. Plots show the relationship between the observed and simulated SMC 
where solid lines (―) show the 1:1 relationship and dotted lines (---) are the fitted lines 
(left), the observed SMC (symbols) and simulated SMC for 0-500 mm () and 0-900 mm 
(---) over time, with the soil moisture content at field capacity, at the critical level and 
wilting point indicated by the upper, mid and lower horizontal grey lines, respectively 
(centre), and the segmentation of the MSD into the squared bias (□), the non-unit slope 
(■) and the lack of correlation (■,■) (right). Forms of the fitted lines are (a) y = 
(1.1±0.12)x – 7.6±3.92 (r2=0.49), (d) y = (1.0±0.13)x – 6.5±4.47 (r2=0.40), (g) y = 
(1.4±0.07)x – 19.1±2.18 (r2=0.81), and (j) y = (1.4±0.08)x – 19.6±2.59 (r2=0.76).  
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Table 5.15 Summary statistics indicating DairyMod and HYDRUS performance in the prediction of 
soil moisture content at Iversen Field, Lincoln University for the period 06/08/2011-
31/07/2013. Treatment acronyms were given in Table 5.4. Values in brackets represent 
the adjusted HYDRUS performance following changes to the soil hydraulic parameter n 
and/or the calibrated model pressure head at the wilting point (h4) 
Treatment Statistic Observed 
HYDRUS  DairyMod 
Simulated Bias  Simulated Bias 
+I+N 
Maximum (%) 36 37 (37) 1 (1)  37 0 
Minimum (%) 21 22 (20) 1 (-1)  24 4 
Mean (%) 29 29 (29) 0 (0)  33 4 
NSE  0.63 (0.63)   -0.44  
NRMSD  0.09 (0.09)   0.17  
SB, NU, LC (%)  2, 2, 96 (1,4, 95)   65, 0, 35  
+I-N 
Maximum (%) 36 37 (37) 1 (1)  37 0 
Minimum (%) 21 22 (20) 1 (-1)  25 4 
Mean (%) 28 29 (29) 1 (1)  33 5 
NSE  0.53 (52)   -0.98  
NRMSD  0.11 (0.11)   0.22  
SB, NU, LC (%)  19, 1, 80 (15, 3, 82)   70, 0, 30  
-I+N 
Maximum (%) 36 37 (35) 1 (-1)  37 1 
Minimum (%) 13 22 (16) 8 (2)  22 8 
Mean (%) 24 28 (24) 4 (0)  30 6 
NSE  0.43 (0.86)   -0.18  
NRMSD  0.22 (0.11)   0.31  
SB, NU, LC (%)  64, 13, 23 (0, 6, 94)   78, 6, 16  
-I-N 
Maximum (%) 36 37 (35) 1 (-1)  37 1 
Minimum (%) 12 22 (16) 9 (4)  21 9 
Mean (%) 24 28 (24) 4 (0)  31 7 
NSE  0.46 (0.86)   -0.34  
NRMSD  0.21 (0.11)   0.33  
SB, NU, LC (%)  61, 14, 25 (1, 7, 92)   77, 5, 18  
Note: NSE is the Nash-Sutcliffe efficiency and NRMSD is the normalised root mean square deviation. The mean square 
deviation was separated into the squared bias (SB), the non-unit slope (NU) and lack of correlation (LC). 
 
HYDRUS-simulated soil moisture over the two-year experimental period for the upper 500 mm of soil 
is compared with the observed in Table 5.15. The same general trends in the observed SMC were 
simulated in HYDRUS for each of the pastures. However, from 17 December 2012 to 21 January 2013 
and from 11 February to 21 March 2013 when the observed soil moisture reached a minimum of ~12%, 
the simulated soil ceased drying at 22% (not shown). Accordingly, over these periods there were no 
changes in the simulated soil moisture resulting in the data ‘flat lining’ at 22%. This over-estimation of 
the soil moisture led to large SB components of 61-65%.     
However, the fit of the data could be improved, and the under-estimation of soil drying largely 
corrected for by adjusting the point below which root water uptake within the model ceases and/or 
the soil hydraulic parameter n (Equation 2.32). This was achieved by incrementally decreasing the 
pressure head at the wilting point (h4) from the calibrated model value of -800 kPa to a minimum of 
1500 kPa and increasing n from the values in Table 5.9 by up to 5%.   
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As in the lysimeter study (Table 4.3), the effects of decreasing h4 on the irrigated treatments were 
minimal (Table 5.15), as reasonably high soil moisture contents were maintained at the experiment 
site. For the dryland plots, however, decreasing h4 to -1500 kPa increased the NSE from ~0.46 to 0.61 
and the minimum soil water content achieved reduced to 20%.  
With adjustment of the n value, the NSE coefficients for the +I pastures reduced, but increased in the 
-I pastures. When n was increased by 5%, a minimum soil moisture of 15.6% was achieved in the -I 
pastures and the NSE coefficients increased further to 0.86. Alternatively, to achieve similar results in 
the -I pastures, h4 could be reduced to a pressure head of ~-10 000 kPa and n maintained as per the 
site-specific parameter testing. Doing so eliminated the flattening out effect at low soil water contents, 
but in a practical sense, a value of ~-10 000 kPa is unrealistic and meant that abstraction by the pasture 
was not limited within the model, which is in opposition to the observed pasture growth (Figure 5.7). 
The need to adjust the value for n in the -I pastures was likely a reflection that the soil hydraulic 
property data do not exactly reflect the conditions at the site rather than of model error. This has been 
discussed further in Section 5.4.3.1. Figure 5.14 and Table 5.15 compare the observed soil moisture 
with that simulated by HYDRUS, based on a value of -1500 kPa for h4 and an adjusted n value in the -I 
pastures. The soil moisture content over the estimated 900 mm rooting zone is also shown in Figure 
5.14. 
The HYDRUS performance was an improvement on the DairyMod simulations (Figure 5.14), as shown 
by higher NSE coefficients and lower NRMSD values in Table 5.15 as well as a larger proportion of the 
MSD being due to a general lack of correlation rather than SB or NU. A discussion of reasons for the 
differences in the DairyMod and HYDRUS predictions is given in Section 5.4.3.    
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+I+N
 
+I-N
 
-I+N
 
-I-N
 
Figure 5.15 Residual analysis of observed and HYDRUS-simulated soil moisture content (SMC) to 500 
mm depth at Lincoln University, Canterbury, for the period 06/08/2011-31/07/2013. 
Treatments are +I+N (□), +I-N (■), -I+N (○) and -I-N (●). Treatment acronyms were 
given in Table 5.4. Plots show the relationship between the observed and simulated SMC 
where solid lines (―) show the 1:1 relationship and dotted lines (---) are the fitted lines 
(left), the observed SMC (symbols) and simulated SMC for 0-500 mm () and 0-900 mm 
(---) over time, with the soil moisture content at field capacity, at the critical level and 
wilting point indicated by the upper, mid and lower horizontal grey lines, respectively 
(centre), and the segmentation of the MSD into the squared bias (□), the non-unit slope 
(■,■) and the lack of correlation (■,■) (right). Forms of the fitted lines are: (a) y= 
(0.9±0.07)x + 3.9±1.9 (r2=0.65), (d) y= (0.9±0.07)x +2.6±2.18 (r2=0.60), (g) y= (1.1±0.04)x 
- 2.6±1.09 (r2=0.87), and (j) y= (1.1±0.05)x – 2.8±1.13 (r2=0.87). 
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Simulated drainage  
DairyMod-simulated annual drainage below 900 mm in 2011/12 and 2012/13 was estimated to be 213 
mm and 457 mm (+I+N) and 238 and 467 mm (+I-N), compared with 145 and 401 mm from the -I+N 
pastures and 165 and 406 mm from the -I-N pastures, respectively (Figure 5.16). For the -I pastures, 
100% of the drainage occurred during the months of May-October (i.e. outside the irrigation season), 
compared with 87% for the +I+N and 84% for the -I-N pastures. Drainage, as a percentage of annual 
inputs of irrigation (+I pastures only) and rainfall and was between 39-41%. 
 
Figure 5.16 Accumulated DairyMod (―) and HYDRUS (―) simulated drainage below 900 mm soil 
depth from perennial ryegrass/white clover pastures at Lincoln University, Canterbury, 
for the periods 06/08/2011-06/08/2012 and 07/08/2012-31/07/2013. Treatment 
acronyms were given in Table 5.4. 
 
The DairyMod results are compared with the drainage simulated with HYDRUS in Figure 5.16. While 
total annual drainage predictions by the two models are reasonably close as was also observed in 
Chapter 4, total drainage with DairyMod was greater for all plots during both years. DairyMod drainage 
was up to 30% (55 mm) and 14% (56 mm) greater than that simulated by HYDRUS in 2011/12 and 
2012/13, respectively. Water appeared to drain more rapidly and was triggered earlier in the DairyMod 
predictions, while the drainage with HYDRUS was more continuous and gradual. This resulted in an 
obvious ‘start’ and ‘end’ of drainage in the DairyMod predictions, whereas the transition between 
drainage events by HYDRUS was smoother. For example, in response to 76.8 mm of rain from 12-15 
August 2012 and a further 15.8 mm from the 19-22 August 2012, HYDRUS predicted the same amount 
of drainage over 29 days (13 August-10 September), while DairyMod predicted slightly less drainage 
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(87.1 mm) over 21 days. With DairyMod, drainage commenced on the same day as the rain fell, while 
within HYDRUS, drainage was delayed by at least a day.   
HYDRUS-simulated annual drainage was greatest (P<0.001) under irrigated conditions. Drainage from 
the +I pastures was estimated to be 182 mm in 2011/12 and 411 mm in 2012/13, compared with 148 
and 360 mm from the -I pastures, respectively. In both years there was an I*N interaction. However, 
the effects of the interaction were minor, accounting for <0.1%. Similarly, the main effects of nitrogen 
accounted for <0.1% of the SST. Accordingly, irrigation was the dominant effect.   
As with DairyMod, HYDRUS-simulated drainage was mostly restricted to the months of May-October. 
For the +I pastures, 15 mm of the simulated drainage occurred outside of these months, compared 
with 14 mm for the -I pastures. The greatest differences between the irrigated and dryland pastures 
(P<0.001) were observed at the end of each experimental year, during Regrowths 8 and 16, during 
which the +I pastures drained 37 and 43 mm more than the -I pastures, respectively. Drainage, as a 
percentage of annual inputs of rainfall and irrigation (+I pastures only) (Figure 5.2), was 34% for the +I 
pastures, and 36% for the -I pastures. Full details of the predicted drainage for each regrowth cycle, 
with treatment effects, are given in Appendix 29. 
Simulated redistribution of water at the soil surface 
In 2011/12, the DairyMod and HYDRUS-simulated runoff was negligible at ~1.3 mm and <0.1 mm, 
respectively (Figure 5.17). In 2012/13, run-off was predicted by DairyMod to occur on three occasions. 
Approximately 13 mm of run-off occurred from the +I pastures and up to 7 mm from the -I pastures 
on the 06/05/2013 following a 65 mm rainfall event. In June 2013, up to 0.6 mm and 1.5 mm of run-
off was simulated with DairyMod to occur from each of the pastures following heavy rainfall on the 
17/06/2013 and 22/06/2013, respectively (Figure 5.2). In total, the DairyMod-simulated run-off was 
~15 mm from the +I pastures and ~9 mm from the -I pastures in 2012/13. As in 2011/12, the HYDRUS 
predicted runoff was negligible at <0.1 mm in 2012/13. 
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Figure 5.18 Accumulated actual evapotranspiration (AET) calculated using Equation 4.2 from 
perennial ryegrass/white clover pastures at Lincoln University, Canterbury, for the 
periods 06/08/2011-06/08/2012 and 07/08/2012-31/07/2013. Treatments are +I+N 
(□), +I-N (■), -I+N (○) and -I-N (●).Treatment acronyms were given in Table 5.4.  
 
5.3.6.2 Water use efficiency 
In 2011/12 the WUE of the pastures differed due to the effects of N fertiliser (P<0.001) (Figure 5.19). 
The +N pastures used water 33% more efficiently per kilogram of herbage mass produced than the -N 
pastures, producing 6.6 t DM/ha more for the same amount of water used (521 mm). The WUE of the 
+N pastures was 32.8±1.12 kg DM/ha/mm, equating to 11 kg DM/ha/mm more than the -N pastures 
(21.4±1.12kg DM/ha/mm).  
In 2012/13, the WUE of the -I pastures changed part way through the year due to the effects of water 
stress (Section 5.4.4). Split line regression analyses identified the date of the change to be the 7th and 
8th November 2012 for the -I-N and -I+N pastures, respectively. On an annual basis, the main effects of 
nitrogen and irrigation were evident, although nitrogen was the dominant effect accounting for 61% 
of the SST compared with 13% for irrigation. With 501 mm of water, the +N pastures produced 
23.7±1.18 t DM/ha and the -N pastures produced 17.5±1.18 t DM/ha (P<0.001). Accordingly, the +N 
pastures used water 35% more efficiently per kilogram of herbage mass produced over the year than 
the -N pastures. Table 5.16 provides details of the WUE for each treatment, with treatment effects. 
0
200
400
600
01Aug11 01Feb12 01Aug12 01Feb13
A
cc
u
m
u
la
te
d
 A
ET
 (
m
m
)
Date
0
200
400
600
01Aug11 01Feb12 01Aug12 01Feb13
Date
208 
 
Figure 5.19 Accumulated total herbage yield against accumulated actual evapotranspiration (AET) 
of perennial ryegrass/white clover pastures at Lincoln University, Canterbury, for the 
periods 06/08/2011-06/08/2012 (2011/12) and 07/08/2012-31/07/2013 (2012/13). 
Treatments are +I+N (□), +I-N (■), -I+N (○) and -I-N (●). Dates when the water-use 
efficiency (slopes of lines) changed are indicated. Treatment acronyms were given in 
Table 5.4. Results differ to those given by Black and Murdoch (2013) due to the depth 
over which AET was calculated (i.e. 900 mm) and the inclusion of HYDRUS-simulated 
drainage and surface runoff in the AET calculations.  
 
Table 5.16 Influence of irrigation and N fertiliser on the water-use efficiency of perennial 
ryegrass/white clover pastures at Lincoln University, Canterbury, for the periods 
06/08/2011-06/08/2012 (2011/12) and 07/08/2012-31/07/2013 (2012/13). Treatment 
acronyms were given in Table 5.4.  
Treatment 
2011/12  2012/13 
Annual   07-Aug -Nov1 Nov1 – 31-Jul Annual  
+I+N 33.6  - - 25.2 
+I-N 23.3  - - 18.9 
-I+N 32.1  41.9 14.2 22.3 
-I-N 19.5  34.5 9.5 16.1 
I NS  - - 0.035 
N <0.001  0.037 NS <0.001 
I*N NS  - - NS 
SEM2 1.69  1.5 1.3 1.18 
Note 1: -I+N and -I-N pastures water use efficiency (WUE) values changed on 08/11/2012 and 07/11/2012, respectively, 
and were therefore analysed using a split-line regression model. All other treatments fitted to a simple linear 
regression model.  
Note 2: Annual SEM values are those for I*N. The SEM of the 07 Aug-Nov relates to the effect of N. The SEM for the 
Nov-31 Jul is the pooled treatment SEM. 
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Table 5.17 Summary statistics comparing annual DairyMod-modelled, crop coefficient (Kc) based estimates, and maximum (SWW-PETmax) and HYDRUS adjusted 
(SWW-PETadj) Shuttleworth-Wallace estimates of potential crop evapotranspiration (PETc) of perennial ryegrass/white clover pastures at Lincoln 
University, Canterbury under treatments of irrigation (I) and nitrogen fertiliser (N). Results are for the periods 06/08/2011-06/08/2012 (2011/12) and 
07/08/2012-31/07/2013 (2012/13). Treatment acronyms were given in Table 5.4. Crop coefficient time series used were the average lysimeter site 
time series developed from AET (with potential drainage) (Figure 4.19) and the mean lysimeter SWW-PETc-derived time series (Figure 4.18). 
Treatment Summary statistic 
DairyMod PETc 
Lysimeter site averaged 
Kc time series 
SWW-PETc-derived Kc 
time series 
SWW-PETmax SWW PETadj 
2011/12 2012/13 2011/12 2012/13 2011/12 2012/13 2011/12 2012/13 2011/12 2012/13 
+I+N 
Total (mm) 508 524 614 659 610 656 581 611 512 521 
Variation from total AET (mm) -46 -58 60 77 56 74 27 29 -1 4 
Variation from total AET (%) -8 -10 11 13 10 13 5 5 0 1 
Mean daily bias (mm/d) -0.13 -0.16 0.16 0.21 0.15 0.21 0.07 0.01 -0.003 0.002 
NSE 0.52 0.42 0.50 0.65 0.65 
RMSD, NRMSD (mm,-) 24, 0.33 26, 0.37 24, 0.34 20, 0.29 17, 0.26 
+I-N 
Total (mm) 484 514 614 659 610 656 581 612 512 522 
Variation from total AET (mm) -70 -60 60 84 55 81 27 37 12 13 
Variation from total AET (%) -13 -10 11 15 10 14 5 6 2 2 
Mean daily bias (mm/d) -0.19 -0.17 0.16 0.23 0.15 0.23 0.07 0.02 0.03 0.01 
NSE 0.48 0.40 0.41 0.64 0.66 
RMSD, NRMSD (mm,-) 27, 0.38 29, 0.41 26, 0.37 22, 0.31 19, 0.30 
-I+N 
Total (mm) 450 385 614 659 610 656 581 612 443 372 
Variation from total AET (mm) -36 -42 128 232 124 229 95 185 -5 1 
Variation from total AET (%) -7 -10 26 54 25 54 20 43 -1 0.4 
Mean daily bias (mm/d) -0.10 -0.12 0.35 0.65 0.34 0.64 0.26 0.12 -0.01 0.001 
NSE 0.63 -0.24 -0.46 -0.02 0.83 
RMSD, NRMSD (mm,-) 22, 0.39 41, 0.72 41, 0.73 37, 0.65 13, 0.26 
-I-N 
Total (mm) 431 382 614 659 610 656 582 613 444 372 
Variation from total AET (mm) -57.1 -40 126 236 122 234 94 191 -6 6 
Variation from total AET (%) -11.7 -10 26 56 25 55 19 45 -1 2 
Mean daily bias (mm/d) -0.16 -0.11 0.34 0.66 0.33 0.65 0.26 0.13 -0.02 0.005 
NSE 56 -0.19 -0.41 0.03 0.81 
RMSD, NRMSD (mm,-) 24, 0.43 40, 0.71 41, 0.71 36, 0.64 14, 0.28 
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Crop coefficient time series 
Crop coefficient time series developed in Chapter 4 from AET data (with estimated potential drainage) 
(Figure 4.19) and from mean lysimeter SWW-PETc data (Figure 4.18), were found to predict water use 
to within a reasonable accuracy in the lysimeter experiment (Table 4.8). However, when either time 
series was applied to the current Lincoln experiment, both over-estimated the measured AET by 11-
15% for the +I pastures and 26-56% for the -I pastures (Figure 5.21). NSE coefficients and NRMSD values 
were representative of a poor fit between the measured and predicted water use data for the -I 
pastures, but indicated a reasonable match for the +I pastures (Table 5.17). The differences, however, 
were largely attributable to observed soil moisture deficits across all the pastures. For example, the Kc 
estimated PETc of the pastures was within 3-5% of the accumulated AET at the end of the Regrowths 
4 and 11-13% at the end of Regrowth 11, around which time the soil moisture became limiting and 
therefore transpiration was reduced, as illustrated by the change in TAGR (Figure 5.7) and analysis of 
soil moisture (Section 5.3.5.1). After this time, the estimated PETc deviated from AET. This has been 
discussed in Section 5.4.5.1.  
  
Figure 5.21 Accumulated measured actual evapotranspiration (AET) for treatments +I+N (□), +I-N 
(■), -I+N (○) and -I-N (●) and potential crop evapotranspiration estimated using the 
average lysimeter site crop coefficient time series (Kc-PETc) developed from AET (with 
potential drainage) (Figure 4.19) (―) and the mean lysimeter SWW-PETc-derived time 
series (Figure 4.18) (---) in Chapter 4. Data presented are for perennial ryegrass/white 
clover pastures at Lincoln University, Canterbury, for the periods 06/08/2011-
06/08/2012 and 07/08/2012-31/07/2013. Treatment acronyms were given in Table 5.4. 
 
Shuttleworth-Wallace 
Annual maximum SWW-derived PETc (SWW-PETmax) was 581 mm in 2011/12 (P=0.264) across all 
treatments (Figure 5.22). In 2012/13 the annual SWW-PETmax estimations were affected by irrigation 
(P<0.001) and N fertiliser (P<0.001) and ranged between 611 and 613 mm for all pastures. However, 
differences of 2 mm on an annual basis are negligible. When compared with annual AET, SWW-PETmax 
estimations exceeded AET by 5-6% for the +I pastures and 19-45% for the -I pastures in 2011/12 and 
2012/13 (Table 5.17). However, as illustrated by Figure 5.22, SWW-PETmax was estimated to be within 
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7% of the AET at the end of Regrowth 4 in 2011/12 and within 11% at the end of Regrowth 11 in 
2012/13 of the -I pastures, after which point water became limiting and the AET fell below the 
potential. 
When separated into soil evaporation and canopy transpiration (Table 5.18), there was a general 
pattern of higher (P<0.001) transpiration and less evaporation (P<0.001) from the +I and +N pastures. 
For example, in 2011/12, evaporation from the +I pastures was 72 mm compared with 80 mm from 
the -I pastures, and 70 mm from the +N pastures compared with 81 mm from the -N pastures. 
Transpiration from the +I and +N pastures was 510 and 511 mm, respectively, compared with 502 mm 
(-I) and 501 mm (-N). On an annual basis, however, these differences are still considered relatively 
small. 
 
Figure 5.22 Accumulated maximum Shuttleworth-Wallace (SWW) potential evapotranspiration 
(dashed lines: ---, ---) (SWW-PETmax), adjusted SWW potential evapotranspiration (solid 
lines: ―, ―) (SWW-PETadj) and measured actual evapotranspiration (AET) for treatments 
+I+N (□), +I-N (■), -I+N (○) and -I-N (●) for perennial ryegrass/white clover pastures 
at Lincoln University, Canterbury, for the periods 06/08/2011-06/08/2012 and 
07/08/2012-31/07/2013. SWW-PETmax values assume non-limiting supply of water to 
the plant while SWW-PETadj values take into account periods where the soil moisture 
content of the soil restricted pasture transpiration. Treatment acronyms were given in 
Table 5.4. 
 
When the SWW-PETc estimations were adjusted in HYDRUS to account for limiting soil moisture 
conditions (Section 5.2.7.5), the effects of irrigation on SWW PETc estimations (SWW-PETadj) became 
more pronounced (Figure 5.22). In both 2011/12 and 2012/13, SWW-PETadj was affected by an I*N 
interaction. However, in both years irrigation accounted for more than 99% of the SST, and therefore 
the effects of nitrogen and the I*N interaction were minor in comparison, as illustrated in Table 5.18, 
and are not discussed further. 
When compared with the measured AET (Figure 5.22), differences were within 3% annually. When 
SWW-PETadj was compared with AET summed over each regrowth cycle, mean daily differences ranged 
from 0.01-1.83 mm and NSE values of 0.65-0.83 resulted (Table 5.17).  
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The daily SWW-PETadj was also separated into soil evaporation and canopy transpiration (Table 5.18, 
Figure 5.23). Daily soil evaporation peaked following each grazing event, and then gradually reduced 
as the pasture developed and transpiration increased. During the months January-March of 2012 and 
mid-December-April/May of 2012/13, where large soil moisture deficits (to 900 mm soil depth) were 
estimated to be present (Figure 5.15), transpiration was low and at times ceased in the unirrigated 
plots. During these periods, evaporation of water from the soil surface was still evident following 
smaller rainfall events that wetted the soil surface but were insufficient to restore the soil profile 
moisture above the θL. Within the irrigated plots, transpiration was maintained at the maximum rate, 
although evaporation was reduced from that in the SWW-PETmax estimations. Overall, the +I and +N 
pastures transpired up to 40% more (P<0.001) than the -I and -N pastures, but the +I and -N pastures 
lost up to 26% more water (P<0.001) via soil surface evaporation than the -I and +N pastures. In 
2011/12 there were no significant differences in evaporation losses between the +I and -I pastures. 
Table 5.18 Maximum and HYDRUS adjusted Shuttleworth-Wallace (SWW) potential evaporation 
(E), transpiration (T) and evapotranspiration (PETc) estimates of perennial 
ryegrass/white clover pastures at Lincoln University, Canterbury, for the periods 
06/08/2011-06/08/2012 (2011/12) and 07/08/2012-31/07/2013 (2012/13). Treatment 
acronyms were given in Table 5.4.  
 
Treatment 
2011/12  2012/13 
E T PETc  E T PETc 
SWW-PETmax 
+I+N 67 514 581  67 544 611 
+I-N 77 505 581  77 535 612 
-I+N 74 507 581  81 532 612 
-I-N 85 496 582  90 523 613 
I <0.001 <0.001 NS  NS <0.001 <0.001 
N <0.001 <0.001 NS  <0.001 <0.001 <0.001 
I*N NS NS NS  NS NS NS 
SEMI*N 1.6 1.4 0.2  1.1 1.1 0.1 
SWW-PETadj 
+I+N 57 514 572  60 526 586 
+I-N 66 505 571  68 520 588 
-I+N 55 447 502  48 377 424 
-I-N 64 439 503  53 372 425 
I NS <0.001 <0.001  <0.001 <0.001 <0.001 
N <0.001 <0.001 NS  <0.001 <0.001 <0.001 
I*N NS NS <0.001  NS NS 0.009 
SEMI*N 1.27 1.21 0.17   0.69 0.60 0.17 
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Figure 5.23 Daily adjusted Shuttleworth-Wallace potential evaporation (E) () and transpiration (T) 
(), with ± irrigation and ± nitrogen for perennial ryegrass/white clover pastures at 
Lincoln University, Canterbury, for the periods 06/08/2011-06/08/2012 and 
07/08/2012-31/07/2013. Markers () represent the date at which grazing commenced. 
Treatment acronyms were given in Table 5.4. 
 
5.3.7.2 Shuttleworth-Wallace modelled potential evapotranspiration using modelled 
canopy data 
As a final step, daily outputs of leaf area index and height from the pasture growth model DairyMod 
were used as inputs to the SWW model to quantify differences in SWW evapotranspiration estimations 
using the simulated and observed canopy data (Section 5.3.4).  
Where the soil moisture was assumed non-limiting, evapotranspiration (SWW-PETmax) estimated using 
modelled canopy data was 1-2% (8-12 mm) less annually than that estimated using measured canopy 
data for each of the pastures (Table 5.19). When separated, the modelled canopy data led to annual 
evaporation predictions 30-75% (25-64 mm) higher and transpiration predictions 7-15% (36-73 mm) 
lower than the SWW-PETmax predictions based on measured canopy data.  
The differences were similar when SWW-PETadj estimations determined with measured and simulated 
canopy LAI and height were compared (Table 5.19). Annually, SWW-PETadj estimated using modelled 
canopy LAI and height data were <1-4% (1-20 mm) less than that estimated using measured canopy 
data. Annual evaporation predictions using modelled canopy data were 23-48% (13-31 mm) greater 
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than when measured canopy data were used, and transpiration predictions were 4-10% (15-51 mm) 
less (Table 5.19).  
Statistical comparison of the evapotranspiration estimations on a per rotation basis indicated that 
whether measured or modelled pasture growth data were used to estimate SWW-PETc (maximum or 
adjusted), the results were comparable with NSE values >0.99. When SWW-PETadj calculated with 
modelled canopy data were compared with measured AET, NSE values decreased by 0.01 in the -I+N 
pastures from those determined from measured canopy data (Table 5.17), but increased by 0.03 in the 
+I pastures. The NSE coefficients were 0.68, 0.69, 0.82 and 0.83 for the +I+N, +I-N, -I+N and -I-N 
pastures, respectively. The NRMSD values across all treatments were reasonably low at 0.27-0.29. 
Annually, SWW-PETadj with modelled canopy data was within 2% of the annual AET, similar to the 0-
2% of the SWW-PETadj determined using measured canopy LAI and height data (Table 5.17). 
Table 5.19 Summary of annual maximum (SWW-PETmax) and adjusted (SWW-PETadj) Shuttleworth-
Wallace potential evaporation (E), transpiration (T), and evapotranspiration (PETc), of a 
modelled perennial ryegrass/white clover pasture at Lincoln University, Canterbury 
under treatments of irrigation and N fertiliser. Results are for the periods 06/08/2011-
06/08/2012 (2011/12) and 07/08/2012-31/07/2013 (2012/13). Values in brackets are 
the percentage differences from SWW-PETc maximum and water stress adjusted values 
determined using measured canopy data. Treatment acronyms were given in Table 5.4.  
 
Treatment 
2011/12  2012/13 
E T PETc  E T PETc 
SWW-
PETmax 
+I+N 92 (37%) 478 (7%) 570 (2%)  104 (54%) 497 (8%) 601 (2%) 
+I-N 120 (56%) 453 (10%) 573 (1%)  103 (34%) 497 (9%) 600 (2%) 
-I+N 106 (44%) 465 (8%) 571 (2%)  131 (62%) 472 (10%) 603 (2%) 
-I-N 150 (75%) 423 (15%) 573 (2%)  117 (30%) 484 (11%) 601 (2%) 
SWW-
PETadj 
+I+N 77 (35%) 478 (7%) 556 (3%)  85 (42%) 497 (6%) 582 (1%) 
+I-N 97 (48%) 453 (10%) 551 (4%)  87 (29%) 496 (5%) 583 (1%) 
-I+N 68 (23%) 429 (4%) 497 (1%)  66 (39%) 357 (5%) 423 (<1%) 
-I-N 93 (46%) 405 (8%) 498 (1%)  66 (23%) 357 (4%) 423 (1%) 
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Figure 5.24 Accumulated adjusted Shuttleworth-Wallace (SWW) potential evapotranspiration 
(SWW-PETadj) using modelled (dashed line) and measured (solid line) canopy leaf area 
and height data, and measured actual evapotranspiration (AET) for treatments +I+N (□), 
+I-N (■), -I+N (○) and -I-N (●) for  perennial ryegrass/white clover pastures at Lincoln 
University, Canterbury, for the periods 06/08/2011-06/08/2012 and 07/08/2012-
31/07/2013. Treatment acronyms were given in Table 5.4. 
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Overall, however, the observed pasture growth was within the range of 5-25 t DM/ha/y reported 
throughout the literature for pasture in Canterbury under varied nitrogen and irrigation managements 
(Fasi et al., 2008; Hayman, 1985; Kemp et al., 1999; Martin et al., 2006; McBride, 1994; Minneé et al., 
2010), and was comparable to the herbage yields observed at LDF in the irrigated lysimeter experiment 
where nitrogen was limiting (Figure 3.11). 
5.4.1.2 Temperature adjusted pasture growth 
Thermal time was used to quantify pasture growth without the influence of temperature variation.  
Herbage mass production per unit of thermal time from the -N pastures was 66-74% that of the +N 
pastures (Table 5.11). This is consistent with previous findings for cocksfoot pasture in Canterbury for 
which the TAGR of unfertilised pastures was 3.2 kg DM/ha/°Cd, 56% less than those fertilised with 
nitrogen at 7.2 kg DM/ha/°Cd (Mills et al., 2006). The results also compare with those of the lysimeter 
experiment (Section 3.3.3) where the nitrogen-limited ryegrass pastures grew at a TAGR of 3.9 kg 
DM/ha/°Cd. Irrigation also affected TAGRs, whereby the +I pastures grew on average 20-30% faster 
per unit of thermal time than the -I pastures due to the effects of water stress.  
The effects of water stress, however, were evident across all pastures, whereby changes in the TAGR 
in Figure 5.7 largely coincided with reductions in the available soil water to or near the critical limiting 
soil moisture content of 24% (Figure 5.15). Tonmukayakul (2009) found that TAGRs were highest in 
spring when soil moisture contents were high but reduced in summer due to the effects of water stress 
on canopy extension, leaf size and tiller population of the pasture. However, as indicated in Section 
5.3.5.1, the change in the TAGR was delayed compared with the timing at which the measured 0-500 
mm soil moisture fell below the critical level by up to nearly a month. This verified the DairyMod model 
results that indicated abstraction was occurring from below the measured 500 mm depth, and may 
have been from a depth of down to 900 mm (Section 5.2.6.1). 
5.4.1.3 Herbage nitrogen 
The measured herbage nitrogen fluctuated throughout the experiment. At the measured 
concentrations, photosynthetic efficiency was estimated to be on average ~78% for the +I and +N 
pastures and ~73% for the -I and -N pastures (Peri, 2002). In each of the pastures, however, the 
nitrogen concentration fell below the critical concentration of 2.6%, below which photosynthesis is 
severely constrained (Peri et al., 2002b), and below an NNI of 0.8 (Section 2.3.2.4). This was expected 
for the -N pastures. However, despite luxury N applications to the +N pastures (Figure 5.8), N 
concentrations and NNI values as low as 1.8% and 0.5, respectively, were observed. This, once again, 
occurred during periods of water stress, namely from November 2011-March 2012 and during 
November 2012 for the +I+N pastures, and from ~October-May 2011/12 and ~October to March 
2012/13 for the -I+N pastures (Figure 5.13), and can be explained. Plant nutrients such as nitrogen are 
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(2012), whereby NSE coefficients up to 0.87 were achieved when observed and simulated soil moisture 
data were compared. 
Adjustments made to the calibrated model h4 value (Table 4.3) and soil hydraulic property n values 
determined for the Wakanui soil at the Lincoln site (Table 5.9) largely overcame shortcomings in the 
calibrated model when it was applied to the -I pastures at Lincoln. This was because the simulated soil 
moisture was prevented from drying out to the same extent as what was observed. 
Changing the value of h4 in the calibrated model had little effect on the overall soil moisture predictions 
in the +I pastures. This was probably because the soil moisture was generally maintained near field 
capacity (Figure 5.13), and therefore there was no need within the model to account for abstraction 
during larger soil moisture deficits. Similarly, with the calibrated model at LDF, whether a value of -800 
kPa or -1500 kPa was used, there were no differences in the model performance (Table 4.3). However, 
for the -I pastures in the Lincoln experiment, large soil moisture deficits occurred from 17 December 
2012 to 21 January 2013 and from 11 February to 21 March 2013. At a value of -800 kPa for h4, 
abstraction during these periods was not adequately accounted for within the model, but reducing h4 
to -1,500 kPa largely resolved this. A value of -1,500 kPa is widely accepted as being representative of 
the lower limit of plant water abstraction (Section 2.3.2.2), and therefore should be used in the 
calibrated model. 
The need to increase the default value of n (Table 5.9) by 5% in the -I pastures compared with the 1% 
determined in the site specific parameter testing (Table 5.10) reflected spatial variability in the soil. 
The soil hydraulic property data were based on measurements 1.4 km from the experiment site, and 
therefore may not have been directly representative of the conditions at the site. If soil hydraulic 
measurements had been taken from the experiment site, the need for parameter adjustment would 
have probably been avoided. Despite this, close agreement between the observed and simulated soil 
moisture data was achieved, as illustrated by Figure 5.15. 
5.4.3.2 Simulated profile drainage and surface run-off of water 
Differences in the HYDRUS estimated drainage between the +I and -I pastures, while statistically 
different (P<0.001), were in absolute terms small (i.e. <5 mm) up until the last or second to last 
regrowth cycles of each year (Figure 5.16). When rain fell at the end of each irrigation season, the +I 
pastures had less capacity to store the water due to maintenance of a higher soil moisture status 
compared with the -I pastures. This subsequently led to ~40 mm more (P<0.001) modelled drainage 
from the +I pastures during Regrowths 8 and 16. These results therefore suggest that the drainage 
under irrigation could have been reduced if less irrigation water had been applied towards the end of 
the irrigation season, through increased available water storage capacity of the soil. This has been 
explored further in Chapter 6. Multiple high rainfall events (>25-30 mm/d) in August 2012 and June 


224 
evapotranspiration. This subsequently led to under- and over-estimations of drainage and soil 
moisture, respectively. Accordingly, further discussion of the DairyMod PETc predictions has been 
excluded from the following sections.    
5.4.5.1 Crop coefficient time series 
The application of the monthly averaged Kc time series developed in the lysimeter experiment from 
AET (Figure 4.19) and the time series from mean lysimeter daily SWW-PETc data (Figure 4.18), led to 
over-estimations of water use from all treatments at the Lincoln site by 11-54% (Table 5.17). These 
results indicated that neither time series was appropriate for estimating water use at the Lincoln site. 
The over-estimations were in response to limiting soil water conditions because the time series’ had 
been developed under non-limiting conditions. Accordingly, the closer fit of the estimated PETc of the 
+I pastures (Figure 5.21) was expected as they maintained higher soil water contents over the 
experiment, reducing the effect of water stress. However, differences were reduced to 5-13% across 
all treatments during the irrigation season months where the soil moisture was not limiting. 
Outside of the irrigation season months, where water stress had been alleviated, it was also expected 
that differences between the Kc-PETc estimates and the observed AET would be small. However, during 
each of Regrowths 8 and 16, for example, the AET was calculated to be 0-16 mm whereas Kc-PETc was 
estimated at 26-44 mm by the two Kc time series. This indicates that the Kc values determined for 
months outside of the irrigation season may not be representative on a regional scale. However, this 
is relatively unimportant in practice because water use estimations are generally required during the 
irrigation season only. 
Inter-annual differences in the predictions, whereby in 2011/12 the Kc time series estimated water use 
to within 11-26% of AET compared with 13-54% in 2012/13, was a direct response to the greater 
atmospheric evapotranspiration demand (Section 5.2.3.1) resulting in the development of greater 
actual soil moisture deficits for more of the growing season in 2012/13 (Figure 5.13). 
In light of the results, the use of the developed Kc time series should be limited to the estimation of 
water use from fully irrigated dairy pastures during the irrigation season months, and should only be 
used for longer-term (i.e. irrigation season based) estimates. 
5.4.5.2 Shuttleworth-Wallace  
As with other standard PETc models, SWW assumes water is freely available to the plant (Section 
2.4.2.4), although evaporation is limited within the model according to soil moisture availability at the 
surface. While the intention of the experiment was to maintain the soil moisture of the +I pastures 
above the critical level of 24%, the amount of irrigation applied was insufficient to fully achieve this, 
as reflected by the change in temperature adjusted growth rates (Figure 5.7) and the estimations of 
PETc using the Kc time series (Figure 5.21). For periods during 2011/12 and 2012/13 the actual soil 
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moisture deficit exceeded the critical level (Figure 5.15), and consequently AET fell below the 
maximum PETc (Figure 5.22). Yet, regardless of periods of water stress, SWW predicted actual pasture 
water use with and without N fertiliser to within 5-6% of AET for the +I pastures. For the -I pastures, 
SWW over-estimated water use by up to 45% (Table 5.17). HYDRUS was therefore used to account for 
the effect of water stress in the SWW PETc calculations (Section 5.2.7.5). 
Within HYDRUS, the actual transpiration and evaporation rates are restricted by the prevailing soil 
moisture conditions (Section 2.3.3.4). Where the soil moisture conditions allow, the actual 
transpiration and evaporation rates are maintained equal to the potential rates, i.e. SWW-PETmax. 
When the soil dries below the critical levels (Table 5.10), plant water uptake and evaporation reduce 
below the potential, as determined by Equations 2.29 and 2.27, respectively. When adjusted for 
limiting soil water conditions, the performance of the SWW model improved, with annual estimations 
of SWW-PETadj within 2% of the AET across all four treatment pastures (Table 5.17), similar to the 
results of the lysimeter experiment (Table 4.9). Statistical comparison of SWW-PETadj estimations with 
AET on a regrowth cycle basis also indicated a strong fit with NSE values of 0.74-0.82. Accordingly, the 
SWW model was confirmed as an acceptable predictor of evapotranspiration irrespective of pasture 
performance, when water stress was absent or if sufficiently accounted for. The estimation of PETc 
over longer than weekly periods was also found to be preferable. However, estimations over shorter 
periods(for example one week) were reasonable with NSE values of 0.47-0.60.  
However, it must be highlighted that the HYDRUS adjusted SWW estimations are not entirely 
independent, and therefore the close fit of SWW-PETc to AET needs to be interpreted with caution. In 
the Lincoln experiment, HYDRUS simulated surface runoff, drainage below 900 mm and changes in the 
soil moisture between 500-900 mm were used in the estimation of AET with Equation 4.2. Accordingly, 
the only potential for difference between AET and SWW-PETadj was in the change in SMC from 0-500 
mm, which was measured on-site. This inevitably led to the close fit of the data. Nevertheless, in the 
lysimeter experiments where water stress was not evident and AET was calculated independent of the 
SWW estimates, the fit of SWW-PETc with AET was strong and when SWW-PETc was input into HYDRUS, 
the model did not limit the SWW estimations, which is representative of what occurred in practice.  
Soil surface evaporation and canopy transpiration partitioning 
The results in Table 5.18 provided insight into the partitioning between evaporation and transpiration 
under different pasture managements.  
The greater amounts of evaporation and transpiration under irrigation can be explained. Under 
irrigation the soil surface is wetted more frequently, allowing for greater evaporative losses relative to 
a rain-fed pasture (Wright, 1982). Irrigation, where sufficient, also allows the canopy to develop 
without water limitations. When the canopy comes under stress, as occurred in the -I pastures for 
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from estimates using measured canopy data by 23-48% (13-29 mm), whereas transpiration varied by 
a lesser 4-10% (15-51 mm). The smaller mean daily LAI values of the simulated pastures compared with 
the measured pasture data (Table 5.14, Figure 5.11), led to less radiation interception by the canopy, 
reducing the potential transpiration but increased the proportion of the soil surface exposed, thereby 
increasing the potential for evaporation of water from the soil surface (Brougham, 1958; Hsiao, 1973; 
Johns, 1978). This was emphasised by the data whereby the percentage differences in the estimated 
evaporation using the measured and modelled canopy data were greatest for the +I+N pastures 
(average of 38%) (Table 5.19), which also had the largest simulated mean daily LAI bias of 0.6 (Table 
5.14).  
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5.5 Conclusions 
The focus of Chapter 5 was to validate models used to predict pasture growth, soil water flow and/or 
evapotranspiration from a range of field-grown perennial ryegrass-based pastures on a single site in 
Canterbury, thereby achieving Objective 7. This was necessary to test the hypothesis of the research 
by providing a range of pastures against which the accuracy of the developed Kc time series and other 
models used in the estimation of evapotranspiration could be evaluated. A number of conclusions can 
be drawn from the results of Chapter 5. 
As expected, the performance of perennial ryegrass/white clover pastures, when subjected to 
treatment combinations of ±irrigation and ±nitrogen fertiliser, differed for annual herbage yields and 
growth rates. Because of this, the effectiveness of existing models for estimating PETc, and simulating 
pasture growth and variably saturated water flow could be validated across a wide range of pasture 
performance that exists across dairy farms in Canterbury.  
DairyMod was effective at simulating herbage accumulation in the Lincoln experiment once the values 
attributed to the high temperature stress parameters in the calibrated model were increased. This was 
necessary to prevent temperature from limiting the potential for a nitrogen response within the 
model. However, the model was unable to correctly simulate canopy LAI, height and nitrogen content. 
This was attributed to a failure within the model to fully account for the mechanistic relationship 
between leaf extension and nitrogen. Consequently, the model under-estimated evapotranspiration 
from the pasture, which led to an over-estimation of soil moisture in the upper 500 mm and drainage 
below 900 mm when compared with the HYDRUS simulations. However, it is expected that if the model 
had accurately simulated leaf development, evapotranspiration, soil moisture and drainage would 
have most certainly improved. This provides a potential area for improvement within the model. 
In comparison, HYDRUS successfully simulated soil moisture to 500 mm for each of the treatment soil 
profiles, which gave confidence in its ability to simulate drainage of water from the root zone. This was 
supported by the findings in Chapter 4, whereby HYDRUS effectively simulated lysimeter drainage. 
However, having site-specific measurements of the soil hydraulic properties for inputs to the model is 
desirable. 
When soil moisture was limiting, the Kc time series and SWW model over-estimated PETc. However, 
when limiting soil moisture conditions were accounted for, or where the irrigation was sufficient, the 
models both provided an effective method for estimating PETc for perennial ryegrass/white clover 
pastures in Canterbury, irrespective of N fertiliser application. However, the Kc time series was 
inappropriate for estimating water use outside of the irrigation season months and due to spatial 
variability in AET, so should be restricted to longer-term (i.e. irrigation season) estimates. Overall, 
SWW was found to be the superior method for estimating PETc , with estimates of water use to within 
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an accuracy of 3% annually. In the Lincoln experiment, as drainage was not measured and soil moisture 
was only measured to 500 mm, the use of simulated drainage and soil moisture changes below 500 
mm in the AET calculations meant that the SWW predictions, when adjusted for moisture stress, were 
not independent. Despite this, the SWW model, prior to water stress, was able to independently 
predict evapotranspiration to a high accuracy. This, coupled with the success of SWW in Chapter 4 
when tested against three independently determined water use data sets, is considered to provide 
sufficient justification for its use and confirms its ability to accurately predict water use for grazed 
pasture above other commonly applied models, including Penman-Monteith. 
Using DairyMod-simulated LAI and height in SWW-PETc predictions emphasised the importance of 
using accurate canopy data. While overall there was little difference in the PETc predictions when 
simulated or observed canopy data were used, errors in the simulated canopy data led to differences 
in the soil surface evaporation and transpiration components. This again stems from the limitation 
within DairyMod to accurately simulate leaf extension, often resulting in higher levels of evaporation 
than what occurred due to greater ground surface exposure. Despite this, where measured data are 
not available, DairyMod-simulated canopy data can be used to obtain reasonable values of total PETc. 
Drainage from the +I pastures exceeded that from the -I pastures. However, the greatest differences 
occurred during the shoulder months of the irrigation seasons. If less irrigation had been applied 
towards the end of the season to allow for greater storage of autumn and winter rainfall, much of the 
differences in drainage between the +I and -I pastures could have been avoided. This highlights an area 
where irrigation management can be improved, which has been explored in Chapter 6. 
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Figure 6.1 Stacked daily precipitation including rainfall (■) and irrigation (■) for the period 
01/07/2014-31/03/2015 at Larundel Dairy Farm (LDF), Three Springs Dairies (TSD) and 
Pendo Farms (PF). 
 
NIWA quantify the potential evapotranspiration deficit (PED), accumulated from July to June, as a 
measure of drought (Mullan et al., 2005). The accumulated PED is the accumulated difference between 
PET and rainfall over 12 months from July to June, and therefore the amount of water that would need 
to be added to a crop over that period to prevent herbage production losses due to water shortage. In 
the calculations, an available water capacity of 150 mm is generally assumed. A 1-in-20 year PED is 
typically taken to be representative of a severe drought. In Canterbury the 1 in 20 year PED ranges 
from approximately 50 mm at the main divide to 600-800 mm along the eastern coastline (Figure 6.2). 
For each of the three commercial dairy farms, the 1-in-20 year PED has been estimated from Figure 
6.2 to be ~600 mm for LDF and PF and ~500 mm for TSD. Salinger (2003) also used PED to quantify the 
point at which the potential plant growth is unable to be sustained (i.e. 100 mm), and the point at 
which a significant loss of pasture production is likely (i.e. 150 mm). The method for calculating the 
PED is detailed in Appendix 30. 
  
0
10
20
30
01Jul14 01Oct14 01Jan15
R
ai
n
fa
ll,
 ir
ri
ga
ti
o
n
 (
m
m
/d
)
Date
LDF
0
10
20
30
01Jul14 01Oct14 01Jan15
Date
TSD
0
10
20
30
01Jul14 01Oct14 01Jan15
Date
PF
233 
 
Figure 6.2 Potential evapotranspiration deficit (PED) (mm) with a 1 in 20 year return period across 
New Zealand, equivalent to a 5% chance of occurrence in any one year (Mullan et al., 
2005).  
 
Over the scenario testing period, the PED was calculated to be 683 mm at TSD, 730 mm at PF and 770 
mm at LDF (Figure 6.3), which was greater than the annual 1-in-20 year PED for each of the sites. This 
highlights the ability of irrigation to prevent pasture production losses over the scenario period.  
 
Figure 6.3 Accumulated potential evapotranspiration deficit (PED) (mm) for the period 
01/07/2014-31/03/2015 at Larundel Dairy Farm (―), Three Springs Dairies (―) and 
Pendo Farms (―).  
 
Table 6.1 shows 334-393 mm of irrigation was applied over the scenario period, less than the calculated 
PED values. This suggests that the level of irrigation at each of the three sites was insufficient to prevent 
water stress. However, as identified in Chapter 4, estimation of PETo from climate data only is likely to 
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To satisfy Question 3, DairyMod was used to predict irrigation demand under varying management 
conditions. DairyMod was used in preference to HYDRUS for this due to limitations within the HYDRUS-
1D package for scheduling irrigation. This included the inability to set a minimum return interval and 
difficulties in triggering irrigation based on soil profile water content (Section 2.3.2.6). 
A range of irrigation management conditions were tested, each of which included adjustments to the 
soil water content irrigation trigger level, the depth of irrigation water applied during each irrigation 
event and the minimum return interval. As illustrated in Table 6.2, for each trigger level tested, 5, 10, 
15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 mm of irrigation were applied during each irrigation event, 
with minimum return intervals of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 days, respectively. Accordingly, 
the irrigation system capacity was set to a maximum of 5 mm/d. The management rules tested were 
based on the range applied by Bright (2009b). The simulated irrigation was then used in HYDRUS to 
simulate drainage and surface water runoff, soil evaporation and canopy transpiration under the 
different irrigation schedules, as detailed in Section 6.2.2.3. 
Table 6.2 Irrigation management settings applied within the DairyMod irrigation management 
module. 
Trigger (%)1 Irrigation depth applied (mm)2 Minimum return interval (d)3 
50 
5-60 1-12 
60 
70 
80 
90 
Note 1: Trigger for irrigation based on a percentage of the available soil water. 
Note 2: irrigation depths applied were increased in 5 mm intervals between 5-60 mm.  
Note 3: minimum return intervals based on applying up to 5 mm/day of irrigation, as per Bright (2009b). 
6.2.2.2 Shuttleworth-Wallace 
The potential daily soil evaporation and canopy transpiration were estimated for each site with the 
Shuttleworth-Wallace model. The canopy data (LAI and pasture height) simulated by DairyMod for 
both the actual known irrigation schedule and the simulated irrigation schedule required to prevent 
water stress were used. Doing so provided an estimate of the actual PETc and maximum potential PETc 
for the pasture where water was not limiting as required for Questions 1 and 2. Where soil moisture 
was limiting due to insufficient irrigation under the ‘actual’ irrigation scenario, HYDRUS was used to 
adjust the SWW PETc estimations accordingly (SWWadj) (Section 2.3.3.4), as was done in Chapter 5. 
For Questions 3 and 4, the maximum potential SWW PETc estimates from Question 2 were used as 
inputs to the HYDRUS model. 
Climate data for the three sites over the scenario period were obtained from the on-site NIWA climate 
stations (Table 3.4). 
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ANOVA procedures were used to compare changes in the total irrigation water applied, drainage and 
runoff losses, total canopy transpiration and soil evaporation with irrigation application depths and 
trigger levels. Where treatment means were significant (α=0.05), they were separated using Fisher’s 
protected least significant difference (LSD) test. Unless otherwise specified, standard errors of the 
mean (SEM) were used to describe variation in the data within treatments. 
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Figure 6.4 Total DairyMod-simulated irrigation under different irrigation application depths (and 
associated minimum return intervals) and irrigation trigger levels at Larundel Dairy Farm 
(▲), Three Springs Dairies (◆) and Pendo Farms (●). Trigger levels are indicated, and 
alternating closed and open symbols used to distinguish between trigger level values. 
 
6.3.2.2 Drainage and runoff 
The simulated drainage (Figure 6.5a) increased (P<0.001) with the irrigation application depth and 
return interval, which coincided with an increase in the total irrigation applied (Figure 6.4). Where 
irrigation was applied at depths of ≤20 mm per irrigation event, the total drainage was 40±41.4 mm at 
LDF, 136±34.4 mm at TSD and 58±42.8 mm at PF. The results also indicate that when trigger levels of 
50-60% were applied the drainage losses were 35-107 mm across the three sites compared with up to 
610 mm at higher trigger levels. Accordingly, where irrigation was applied at depths of no more than 
20 mm and at irrigation trigger levels of ~60%, the estimated drainage from irrigation and rainfall was 
comparable to that estimated under rain fed only conditions (Appendix 31). 
For a number of the irrigation schedules tested, the irrigation application depths exceeded the soil 
moisture deficit at the selected trigger level. For example, when the soil moisture content fell to 50% 
of the total available water capacity, the soil moisture deficit at the three sites was 39 mm (LDF), 53 
mm (TSD) and 62 mm (PF) (Table 6.4). Accordingly, when the amount of irrigation water applied 
exceeded these deficits, excess irrigation water was lost from the profile as drainage, and therefore 
these scenarios need not be considered. 
Table 6.4 Soil moisture deficits at the set irrigation trigger levels for each of the 0-700 mm 
simulated soil profiles at Larundel Dairy Farm (LDF) Three Springs Dairies (TSD) and 
Pendo Farms (PF). 
Trigger (%) 
LDF soil moisture deficit 
(mm) 
TSD soil moisture deficit 
(mm) 
PF soil moisture deficit 
(mm) 
50 39 53 62 
60 32 43 50 
70 24 34 37 
80 15 25 25 
90 8 16 13 
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Runoff over the simulation period was negligible at all three sites at <1.0 mm (Figure 6.5b), and 
therefore has been excluded from the remainder of the results and discussion. 
6.3.2.3 Canopy transpiration and soil evaporation 
Irrespective of the total amount of irrigation applied or the irrigation schedule, the effect on the 
simulated canopy transpiration (Figure 6.5c) and soil evaporation (Figure 6.5d) at PF was minor at <1 
mm. At LDF and TSD, transpiration and evaporation both increased with the irrigation applied, until 
the irrigation applied was sufficient to maintain them at their potential rates.  
Transpiration was maximised when irrigation was applied at depths of 40-60 mm at LDF and 35-60 mm 
at TSD or with minimum trigger levels of 80-90% at LDF and 70-90% at TSD. However, the differences 
(P<0.001) in transpiration over the simulation period with irrigation depths of 5-25 mm at LDF (395±2.8 
mm) and TSD (364±4.9 mm) compared with 413±2.8 mm at LDF and 382±4.8 mm at TSD were in 
actuality small (i.e. 20 mm). Similarly, when the irrigation trigger level was 60% at LDF, transpiration 
was 398±1.8 mm compared with 414±1.8 mm with a trigger of 80-90%, a difference of only 16 mm. At 
TSD, there was a difference of 16 mm in the simulated transpiration over the simulation period when 
a trigger level of 60% was applied (368±3.1 mm) compared with a trigger level 70-90% (384±2.1 mm). 
At both sites, transpiration was lowest (P<0.001) when an irrigation depth of 5 mm and trigger level of 
50% were applied. Overall however, the results indicate that for the scenarios tested, the effects on 
the canopy transpiration are relatively small. 
Soil water evaporation losses were minimised when irrigation was applied at depths of 20 mm or less 
at LDF (140±1.0 mm) and 25 mm or less at TSD (114±2.9 mm), and when the trigger level was set to 
50% of the available soil water. Differences between the lowest and highest evaporation amounts over 
the scenario period were no more than ~14 mm and ~48 mm at LDF and TSD, respectively.  
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Figure 6.5 HYDRUS-simulated drainage (a), surface water runoff (b), canopy transpiration (c), soil 
evaporation (d) and DairyMod-simulated herbage (e) against total irrigation applied at 
Larundel Dairy Farm (▲), Three Springs Dairies (◆) and Pendo Farms (●). 
 
6.3.2.4 Herbage yield 
At all three sites, the total simulated herbage yield varied with irrigation managements (Figure 6.5e).  
The DairyMod-simulated herbage yield was maximal when 10-20 mm was applied with a minimum 
return interval of 2 days across all three sites, or at trigger levels of 60-70% at LDF and 80-90% at TSD 
and PF. At LDF a maximum yield of 5.5 t DM/ha was achieved compared with 12.2  t DM/ha at TSD and 
12.7 t DM/ha at PF, equal to those modelled under non-stressed conditions for Question 2 (Table 6.3). 
However, while differences in yield occurred at each site with the irrigation application depth (P<0.001) 
and trigger level (P<0.001), they were small. For example, at LDF the total yield achieved when 10-20 
mm of irrigation were applied during each irrigation event averaged 5.5±0.03 t DM/ha compared with 
5.3±0.03 t DM/ha when the irrigation scheduling involved irrigation application depths of 55-60 mm 
per event. At TSD, however, differences in yield were only 0.3±0.10 t DM/ha when 5-25 mm of 
irrigation were applied compared with 30-60 mm, but were 1.9±0.06 t DM/ha when the trigger level 
was 50% compared with 80-90%. 
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Table 6.5 Total actual irrigation (Iact) and optimised (Iopt) non-limiting irrigation, DairyMod-
simulated herbage yields, HYDRUS-simulated soil profile drainage and SWW estimated 
soil evaporation and canopy transpiration with Iact and Iopt for the period 09/09/2011-
14/09/2012 at Larundel Dairy Farm (LDF) Three Springs Dairies (TSD) and Pendo Farms 
(PF). 
Site 
Irrigation (mm) 
Herbage yield  
(t DM/ha) 
Drainage  
(mm) 
Soil evaporation 
(mm) 
Canopy transpiration 
(mm) 
Iact Iopt Iact Iopt Iact Iopt Iact Iopt Iact Iopt 
LDF 225 135 10.3 10.2 349 299 122 122 477 471 
TSD 173 60 12.00 12.6 617 504 143 143 414 414 
PF 144 225 14.9 15.9 131 191 158 158 488 487 
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drainage, as this varied to the greatest degree with management. In contrast, adjustment of irrigation 
practices to reduce soil water evaporation had a relatively small influence, especially at LDF and PF. At 
TSD, evaporation varied to the greatest degree among irrigation scenarios. This was a response to 
insufficient irrigation when irrigation was applied at a trigger level of 50% or with return intervals of 
10-12 days, which lead to a drier soil profile and reduced yields (Figure 6.5).   
To reduce drainage losses it appears that applications of up to 20 mm were most effective. For the 
irrigation supply to be sufficient to maximise transpiration and herbage production, at least 10 mm of 
irrigation applied with a minimum return interval of 2 days and trigger level of ~60% was required. A 
trigger level of 60% also helped reduced drainage losses, with minimal effect on the total canopy 
transpiration. At TSD, however, a trigger level of 60% did lead to a small reduction in the potential 
herbage yield (~0.6 t DM/ha) when compared with a trigger level of 80-90%, but to a lower total  
drainage of 121 mm of drainage compared with 315-610 mm. An irrigation schedule where 10-20 mm 
of water is applied with a minimum return interval of 2-4 days, at a trigger level of 60% and irrigation 
delayed post grazing, is therefore advocated. Validation of this optimised schedule across the three 
sites over the 2011/12 experiment period supported the findings of the 2014/15 scenario testing. 
Overall, drainage reductions of 37-82% (average of 61%) were achieved in 2014/15 across the three 
sites and 14-18% at LDF and TSD in 2011/12  due to the need for less irrigation water when is applied 
strategically.  
6.4.2.1 Irrigation requirements 
Based on the optimised irrigation schedule, the total irrigation applied over the 2014/15 irrigation 
season (until 31 March 2015) could have been reduced to 120 mm at LDF, 165 mm at TSD and 210 mm 
at PF. Accordingly, 214 mm (64%), 53 mm (36%) and 183 (47%) less irrigation at LDF, TSD and PF, 
respectively, could have been applied than what actually was, while maintaining  a similar level of 
herbage production (Table 6.3, Appendix 31). However, even without water stress, the simulated 
herbage yields were approximately 25-50% of potential yields reported for Canterbury (Section 
2.3.2.1). The same nitrogen fertiliser management schedules from the 2011/12 lysimeter experiment 
were adopted, which led to nitrogen-limited pasture growth at all three sites (Sections 3.4.1.7 and 
3.4.3). It therefore follows that nitrogen deficiency, in addition to temperature stress, was again likely 
to be a contributing factor to the low 2014/15 herbage yields. Due to the limitations within DairyMod 
in simulating a response to nitrogen with the calibrated model temperature parameter values, the 
nitrogen required to maximise yields was not able to be estimated. However, based on the Lincoln 
University Dairy Farm nitrogen use (LUDF, 2015), and the results of the irrigated, fertilised treatment 
in Chapter 5, it is predicted that ~350-400 kg N/year would have been required.  
As the managements of the three dairy farms included in the current experiment were representative 
of the range of dairy farm managements that exist across Canterbury, it is likely that this finding is 
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applicable to many commercial dairy farms region wide, and has therefore been discussed further in 
Chapter 7. 
6.4.2.2 Influence of irrigation schedules on soil evaporation losses 
The relatively small changes in soil evaporation with changes in the irrigation schedule were in part 
due to the high proportion of the simulated evaporation being due to rainfall, and the regularity of the 
rainfall. At LDF, for example, of the 147 mm under the actual irrigation scenario and the 134 mm under 
the optimised irrigation schedule, 119 mm (~85%) would have occurred without irrigation, leaving 15-
28 mm of soil evaporation being in response to irrigation. At TSD and PF, the basal (or rain-based) soil 
evaporation was 83 and 106 mm, equating to 60-81% of the simulated evaporation with the actual 
(139 and 144 mm) and optimised (102 and 144 mm) irrigation schedules, respectively. These results 
support the findings of Sim (2014) who field tested to see if different defoliation regimes (i.e. set-
stocked and rotational grazing) over spring would influence the water use of lucerne. The results 
suggested that the total water use (soil evaporation and canopy transpiration) was relatively 
unaffected due to the influence of regular rainfall events maintaining the soil water content of the 
upper soil layer, and therefore minimising the potential for evaporation reductions.  
For the irrigation-based component of the soil evaporation, no matter which irrigation schedule was 
applied, the evaporation did not vary at PF. This suggests that the irrigation scheduling at this site was 
sufficient to maintain adequate moisture levels at the soil surface to allow for evaporation at the 
potential rate throughout the scenario period. At TSD and LDF, the variation of up to 13 and 48 mm, 
respectively, between irrigation schedules suggested that the greater the irrigation application depth, 
the greater the soil evaporation. This contrasted with what was expected, in that it was anticipated 
that larger depths of irrigation water applied less frequently would allow the soil surface to dry 
between irrigations, and therefore limit the potential for evaporation. On the other hand, smaller but 
more frequent irrigations were expected to maintain a higher soil moisture at the surface and 
therefore lead to more soil evaporation. Mermoud et al. (2005), for example, reported 9-28% increases 
in soil evaporation when irrigation schedules were compared. However, in the current experiment, the 
smaller more frequent irrigations led to a greater number of days where the surface soil moisture was 
below the critical level for evaporation to occur (Section 2.3.3.4) and often was not sufficient to restore 
the water content in the immediate vicinity of the soil surface above the critical level, particularly at 
the lowest trigger level of 50%. Conversely, with increasing irrigation depths, the applied irrigation 
maintained the soil water content at or near the surface above the critical level (Section 2.3.3.4) for 
longer periods, reducing the total number of days the surface soil moisture was below the critical level. 
For example, at TSD, at a trigger level of 50% the number of irrigation events reduced from 32 when 
irrigation was applied at depths of 5 mm to seven when irrigation was applied at depths of 25 mm or 
more. At 5 mm depths, the total soil evaporation was 102 mm compared with 112 mm and 132 mm 
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when irrigation was applied at depths of 35 mm and 60 mm, respectively. The increase in evaporation 
was reflected by a decrease in days where the surface soil moisture was at or below the critical level, 
being 50 days (5 mm), 47 days (35 mm) and 11 days (60 mm). On the 11/01/2015, for example, two 
days following the application of 5 mm of irrigation, the surface soil moisture had fallen to the critical 
level. However, when 30 mm of irrigation was applied on the same date, the critical level at the soil 
surface was not reached until six days following the irrigation. When 55 mm was applied, the critical 
level was not reached for 13 days. 
The difference in the results between the current experiment and that reported by Mermoud et al. 
(2005) arose due to differences in the experimental design and climatic differences. Mermoud et al. 
(2005), for example, applied small (8 mm) amounts of irrigation every day and compared that with 
applications twice a week of a greater (unspecified) depth, determined from pan evaporation data. 
The experiment was based in the semi-arid region of West Africa. In the current experiment, while 
daily applications of 5 mm were possible, irrigation was triggered based on the soil moisture content, 
which meant irrigation on successive days was largely avoided, and enabled the surface to dry out. 
Accordingly, where daily irrigation is compared with less frequent irrigation, it is likely, as reported by 
Mermoud et al. (2005), that surface evaporation would decline with the reduction in irrigation 
frequency. However, when irrigation is based on maintaining a set soil moisture content to prevent 
canopy stress, as simulated by the current experiment, inputs of water to the surface are less frequent, 
and therefore will not necessarily follow the same trend. This was tested at TSD. Irrigation was applied 
in depths of 5 mm daily, 10 mm every two days, 15 mm every three days, with subsequent 5 mm 
increases up to 60 mm every 12 days. However, for all three scenarios, the total evaporation remained 
at the maximum of 139 mm. The semi-arid environment of the research by Mermoud et al. (2005), 
which resulted in an average evapotranspiration rate of 6 mm/d compared with an average of ~2 
mm/d at the three lysimeter sites over the 2014/15 scenario period, likely enabled the soil surface to 
dry out to a greater extent between irrigations, and therefore led to the soil evaporation reductions.  
6.4.2.3 Influence of irrigation schedules on drainage losses 
Optimisation of the irrigation scheduling highlighted the potential to reduce drainage through reduced 
irrigation requirements and by irrigating only once a set soil moisture trigger level (i.e. 60%) has been 
reached. At all three sites, the simulated drainage under the optimised irrigation schedule was 
approximately equal with that under rain fed only conditions (Appendix 31), and therefore unable to 
be reduced further irrespective of how or when irrigation is applied. Again, these reductions in 
drainage have implications for groundwater quality, in that a reduction in water flow below the root 
zone has the potential to reduce the transport of pollutants, for example nitrates, into groundwater 
(Chapter 7). 
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The use of the optimised irrigation schedule is further complicated for irrigation systems, such as LDF, 
that are reliant on irrigation scheme water, which become subject to restrictions. In such instances, 
delaying irrigation to develop a deficit within the soil profile and to prevent drainage losses can be 
viewed as impractical. Rather, creating a buffer to reduce the severity of restrictions becomes 
paramount. 
To irrigate at a set soil moisture deficit, for example, when the available soil water falls to 60% as 
suggested by this thesis, also adds difficulty, particularly where soil type or physical properties vary 
within a property. To do so would require, at a minimum, soil moisture monitoring across each of the 
dominant soil types across the irrigated property or ideally, soil moisture monitoring of the dominant 
soil type within each paddock. This would enable improved paddock by paddock understanding of 
irrigation demand, and therefore more efficient management of irrigation water. 
A limiting aspect to the proposed delay in irrigation is that the soil moisture may be reduced such that 
production is compromised. At PF, for example, it was found that a delay in irrigation of no more than 
five days was able to be achieved without compromising herbage production. However, a deficit 
approach should still be maintained to prevent unnecessary drainage losses. 
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6.5 Conclusions 
The results from this chapter addressed Objective 8, in that they have quantified the influence of 
irrigation depths, return intervals, trigger levels and irrigation timing on drainage, runoff and soil 
evaporation losses and canopy transpiration and herbage accumulation across three commercial dairy 
farms in Canterbury. From these, a number of conclusions can be drawn. 
The actual total irrigation applied at each of the three commercial dairy farms was sufficient to prevent 
significant production losses. However, it was identified that the amount of irrigation actually required 
was up to 76% less than that applied. 
By reducing irrigation, drainage losses below the root zone were reduced. The effectiveness of the 
irrigation water applied was therefore improved and the potential for nitrate leaching to groundwater 
was minimised, which is discussed in Chapter 7. 
It was identified that by applying irrigation at a depth of 10-20 mm, triggered when the available soil 
moisture fell below 60% relative to field capacity, irrigation efficiency was optimised through 
maximising herbage yields and reducing drainage and evaporation losses, for all three soil types. 
Delaying irrigation for 10-14 days post grazing also had the potential to minimise drainage losses. 
However, delaying irrigation by 10-14 was not always practical due to soil water content restrictions.  
Contrary to what was expected, where sufficient water was applied to the soil to prevent canopy 
stress, irrigation scheduling had a minimal influence on soil evaporation losses, due to rainfall 
influences. 
The timing and depth at which irrigation water was applied, so long as it was sufficient to meet canopy 
needs, did not influence the amount of herbage production achieved. However, temperature stress 
was found to be a limiting factor during the 2014/15 growing season, although nitrogen was the 
dominant limiting factor. Accordingly, the results indicate that while less irrigation water was required, 
nitrogen fertiliser needed to be increased to achieve optimum yields. This too is discussed in Chapter 
7. 

255 
have required nitrogen fertiliser applications to have been doubled to ~420 kg N/ha/y to achieve an 
NNI of at least 0.8 (Section 3.4.1.3).  
In the literature it has been reported that some C3 species control leaf extension relative to nitrogen 
availability to optimise photosynthetic efficiency (Section 2.3.2.4), although this does not appear to 
have been tested for perennial ryegrass. At LDF, it was observed that the pasture, in general, 
maintained a nitrogen content of ~3%, and subsequently photosynthetic efficiency at ~80%, despite 
being nitrogen-deficient. These results suggest that this is the level of N that perennial ryegrass may 
try and maintain. Further research for perennial ryegrass is required to separate the pseudostem and 
leaf nitrogen contents, as carried out by Mills (2007) for cocksfoot (Section 3.4.1.7). This would enable 
a more quantified model of the specific leaf response of perennial ryegrass to nitrogen supply. The 
results at LDF also suggest that to determine whether a pasture is nitrogen-limited requires testing of 
the N content of the pasture and calculation of the NNI, because reliance on the N content alone can 
be misleading. 
‘DairyMod’ was successfully calibrated to simulate pasture growth at LDF, and then applied to the TSD 
and PF lysimeters. Here, nitrogen deficiency was shown to have again led to sub-optimal herbage 
accumulation of 12.0 t DM/ha and 14.9 t DM/ha, respectively, over the experimental period (Section 
4.3.2.2). However, if the soil N mineralisation rates predicted within the model were too low, the 
simulated yields could be lower than what was actually grown. Within DairyMod, net N mineralisation 
was ~150 kg N/ha/y for TSD and ~180 kg N/ha/y for PF. The literature suggests annual gross 
mineralisation to be 532 kg N/ha/y and 711 kg N/ha/y for Lismore and Templeton silt loam soils in 
Canterbury, respectively (Mishra et al., 2005). These can be converted to net mineralisation rates. 
Hatch et al. (2000), for example, found net mineralisation can range from 4-70% of the gross rate for 
a dairy pasture fertilised with 200 kg N/ha/y. Accordingly, at the reported gross rates, net 
mineralisation in the two soils could range from 20-500 kg N/ha/y, which covers the simulated rates.  
The three commercial dairy farms were representative of typical dairy farm managements across 
Canterbury. The production results suggest under-fertilisation of pasture to be prevalent across the 
region. Accordingly, within Canterbury, significant production losses due to under-fertilisation are 
likely to be common. This is supported in the literature (Easton et al., 2001; Fasi et al., 2008; Horne et 
al., 2011) where many of the published annual ryegrass yields for Canterbury are well below the 
maximum of >20 t DM ha-1 (Section 2.3.2.1), which is most probably attributable to N deficiency as 
well as water deficits.  
A consequence of nitrogen deficiency, and therefore sub-optimal herbage accumulation, is a reduced 
WUE, as observed at each of LDF, TSD and PF (Section 4.3.3.2). The effect of N deficiency was also 
clearly illustrated in the Lincoln experiment whereby, for the same amount of water used, the +N 
pastures produced 33-35% more herbage mass than the -N pastures (Section 5.3.6.2). Accordingly, 
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rubber rims around the tops of the lysimeters, water redistribution at the surface was possible, and 
probably elevated the AET calculations at TSD and PF. At LDF, where rims were installed prior to the 
commencement of the experiment, surface runoff of water was prevented. Using HYDRUS, soil water 
flow through the soil profile was accurately simulated, and therefore enabled realistic predictions of 
AET, which reduced the estimates at TSD and PF to 554 mm and 704 mm, respectively. These results 
therefore highlighted the importance of placing rubber rims around the top of lysimeter casings to 
ensure all water inputs are fully accounted for, which has not been previously fully understood. This is 
illustrated by the elevated AET estimates used by Bright (2009a) in the development of a Kc time series 
for Canterbury, which were later highlighted by Clothier et al. (2009) to have been influenced by 
surface water redistribution effects. 
At LDF and TSD, the maintenance of water at or near field capacity meant that water was not a limiting 
factor in the pasture growth (Section 4.3.1.2). At PF the soil moisture fell below the critical limiting 
deficit for approximately a one-week period mid-January 2012 and again for approximately two-weeks 
from early to mid-February 2012, although the effects on pasture production were estimated to be 
negligible at ~60 kg DM/ha over the experimental period (Section 4.4.1). 
The use of DairyMod and HYDRUS for simulating soil water flow, including profile drainage, soil 
moisture and surface redistribution of water, were compared and the simulated data from each 
compared with that observed in the field. Of the two models, HYDRUS was found to be superior. This 
was in response to the closer predictions of drainage and soil moisture content compared with that 
observed from the lysimeters and in the Lincoln experiment. The DairyMod soil water flow predictions 
were also sensitive to the inbuilt temperature stress functions, whereby differences in simulated yield 
to that observed translated to reduced evapotranspiration estimations and therefore impacted on the 
soil moisture content and drainage predictions. The DairyMod model also relied on the Penman-
Monteith equation for estimating PETC. This is considered the standard method but does not 
sufficiently account for variations in the canopy under grazing. On the other hand, daily estimations of 
evaporation and transpiration could be directly input into HYDRUS based on the SWW model 
predictions, which were found to provide the most accurate predictions when compared with 
measured AET. Accordingly, HYDRUS soil water flow predictions were not reliant on the successful 
estimation of canopy growth. Furthermore, the dedicated focus of HYDRUS for simulating soil water 
flow allowed for the soil properties and soil-water relationships to be represented with greater 
complexity. Throughout the literature, many examples of the successful use of HYDRUS for simulating 
soil water dynamics exist (Section 2.3.3.4), and their predictions were comparable in accuracy to those 
achieved in the current research. However, as has been previously mentioned (Section 4.4.2.1), 
nothing could be found in the literature comparing actual drainage data with that simulated with 
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modelling in Chapter 6, from which it is recommended that deficit irrigation practices be adopted to 
allow for more effective use of any rainfall. Irrigation should be applied when the available soil 
moisture content falls to or below 60% and at a depth that enables effective use of subsequent rainfall 
inputs (i.e. 10-20 mm). Irrigation should also be delayed by 10-14 days post grazing to avoid 
unnecessary drainage losses, but only where soil moisture contents permit without compromising 
herbage production. An implication of this, however, is nitrogen fertiliser is commonly applied 
immediately after grazing, and irrigation water may be applied to wash the urea in. Accordingly, a delay 
in irrigation post grazing may not be practical. Alternatively, fertilisation could also be delayed. Another 
implication is that, in some situations, delaying irrigation by 10-14 days could have adverse implications 
with regard to pasture production, where the delay leads to limiting soil water conditions. In such 
situations, irrigation may need to be applied earlier to avoid production losses. However, a deficit 
approach should still be maintained to prevent unnecessary drainage losses.  
The irrigation schedule testing in Chapter 6 quantified the potential for irrigation reduction at the 
lysimeter sites. Under the proposed optimised irrigation schedule, the actual irrigation applied could 
have been reduced by 47-64% across the three sites over the 2014/15 irrigation season (until 31 March 
2015), without production loss risks. Validation of the proposed optimised irrigation schedule over the 
2011/12 lysimeter experiment also identified potential irrigation reductions of up to 65%, while 
maintaining a similar level of pasture production. However, allowing 40% or greater deficits to develop 
within the soil profile is not always practical. At LDF, for example, much of the irrigation water was 
sourced from the Waimakariri Irrigation Scheme (Section 3.2.4.3), where at times restrictions of 25-
100% can occur over the irrigation season, depending on river flows (Waimakariri Irrigation Limited, 
2013). Accordingly, maintaining soil moisture at or near field capacity may be a conscious or 
unconscious insurance strategy used by farmers to reduce the severity of any water restrictions on 
pasture production. Therefore, high supply reliability and the capacity to irrigate on demand would be 
required for deficit irrigation to be viewed as practical. Furthermore, deficit style irrigation would only 
be feasible where more intensive soil moisture monitoring or soil water budgeting is conducted across 
each farm. 
Conversely, while minor production losses of up to ~60 kg DM/ha were likely over the 2011/12 
lysimeter experiment at PF due to periods where the soil moisture deficit was allowed to be greater 
than the critical deficit (Section 4.4.1), there was minimal irrigation season drainage. From a water 
management perspective, this minor loss of production is countered by reduced pumping costs, more 
efficient water use, and a lower risk of nitrogen leaching, and therefore reduced potential for 
groundwater contamination. Despite these benefits, pasture optimisation per unit area tends to be 
the focus rather than maximising the water use efficiency (Section 2.3.2.2) of irrigated pastures 
(Fereres & Soriano, 2007), and without greater incentive (e.g. financial) it is unlikely to change. 
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For farms such as LDF where the irrigation, at least in part, is based on scheme supply, irrigation 
restrictions may limit the opportunity for deficit irrigation. However, where irrigation water is available 
on demand, as is the case for a majority of consented irrigation across Canterbury, there is the 
potential for substantial water resource allocation changes. For example, in the most recent water 
allocation summary released by Ministry for the Environment in 2010, water consented for irrigation 
in Canterbury totalled 3584 Mm3/y (Rajanayaka et al., 2010). Of this, 55% was sourced from 
groundwater and the remaining 45% from surface water and storage water resources. Assuming the 
full 55% of groundwater and 10% of the surface water sourced irrigation was available on demand, 
and that irrigation of LDF, TSD and PF represented the standard of current industry practice, 
approximately 746 Mm3/y less irrigation (assuming an average 35% reduction in irrigation 
requirements) would be required under optimised irrigation scheduling practices. Accordingly, if this 
were possible, this could reduce pressure on fresh water resources and/or potentially increase 
irrigation development across the region.  
The dominant flow-on effect of reduced irrigation is a reduction in the drainage of water below the 
root zone. Under the optimised irrigation schedule, the reduction in drainage was estimated to be 53-
110 mm or 37-82% from July 2014 to March 2015 at the three lysimeter sites. This was possible as the 
optimised schedule limited irrigation until a sufficient deficit had been established, such that once 
irrigation was applied it did not return the soil moisture to field capacity. Rather, subsequent rainfall 
inputs could be stored by the soil, reducing the potential for drainage. When the optimised irrigation 
schedule was applied to the 2011/12 lysimeter experimental period, drainage was reduced by 14% (50 
mm) and 18% (113 mm) at LDF and TSD, respectively. In contrast, the previous under-irrigation at PF 
meant that there was an incraese in the drainage under the optimised irrigation schedule.  
Contrary to what was expected, however, soil surface evaporation losses increased as the return 
intervals between irrigation events increased. This was due to the irrigation scheduling, in which 
irrigation was not applied until prescribed soil profile trigger levels had been reached. For the lower 
irrigation applications, the depth applied was often insufficient to restore the water content in the 
immediate vicinity of the soil surface above the critical level (Section 2.3.3.4), particularly at the lowest 
trigger level of 50%. As the irrigation depths applied increased, a higher soil water content was 
maintained at or near the surface for longer periods of time, increasing evaporation. Overall, however, 
the effects on evaporation from the irrigation scheduling were small, largely due to the high proportion 
of evaporation being a response to rainfall rather than irrigation, masking the effects. 
7.2.4.2 Fresh water quality implications 
While the focus of this research was on water use and therefore water quantity, freshwater quality 
implications are closely linked and therefore require some mention.  
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As covered in Chapter 2, irrigation in excess of the soil water holding capacity can increase the potential 
for nitrate losses to groundwater (Section 2.3.3.1). Accordingly, it was alluded to in Chapter 6 and 
discussed in Section 7.2.4.1 that a reduction in irrigation water applied has the potential to decrease 
drainage below the root zone, and therefore carries with it implications for improved groundwater, 
and ultimately surface water quality.  
It was also suggested in Chapter 6 that while irrigation could potentially be reduced without herbage 
production consequences, to achieve optimal yields, an increase in nitrogen fertilisation across all 
three dairy farms was required. While the literature clearly highlights that excessive nitrogen fertiliser 
applications have the potential to increase nitrate leaching to groundwater, this can be avoided if 
nitrogen is applied during the active growth period, and at rates no greater than the rate of uptake by 
the plant (Meisinger & Delgado, 2002; Moreno et al., 1996).  
7.2.4.3 Practical applications of proposed irrigation and nitrogen managements 
From the results of this thesis and the literature, annual Canterbury perennial ryegrass pasture 
production is in the range of 5-25 t DM/ha/y. Such variability is largely in response to differences in 
irrigation and nitrogen fertiliser managements. This was illustrated in Chapter 5 and also by Mills 
(2007) and Black and Murdoch (2013). For example, in Chapter 5, nitrogen increased pasture 
production by 45% while irrigation increased production by 34%, on average. 
In the LDF lysimeter experiment, an average of 10.8 t DM/ha of pasture production was achieved 
(Chapter 3). The irrigation scheduling results in Chapter 6 and the influence of nitrogen fertilisation in 
Chapter 5 suggest that at least three different approaches to irrigation and N fertiliser management 
could be pursued to increase irrigation efficiency and/or achieve maximum herbage production, all of 
which include either a reduced or removed reliance on irrigation water.  
Scenario 1 
The first scenario (Scenario 1) involves achieving the same level of pasture production by maintaining 
the same low level of N fertilisation, but reducing the amount of irrigation water applied through the 
proposed deficit irrigation practices. Over the 2011/12 experimental period at LDF, for example, with 
~50% less irrigation water, the same amount of herbage could have been produced (Table 6.5) when 
the optimised deficit irrigation methods were applied, as illustrated in Chapter 6. 
Scenario 2 
The second management scenario (Scenario 2) involves increasing pasture production. This can be 
achieved by, again, reducing the amount of irrigation water applied but increasing N fertiliser. As with 
the first management scenario, reducing the amount of irrigation water at LDF by ~50% was possible 
without adversely affecting pasture production. The necessary N fertiliser to increase pasture 
production can be estimated.  
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Based on the pasture at LDF maintaining a herbage N content of ~3% (Section 3.4.1.3), the N uptake 
by the pasture was ~330 kg N/ha (i.e. 10.8 t DM/ha/y x 0.03), of which 207 kg N/ha was applied in the 
form of urea (Section 3.2.4.4). The remaining ~123 kg N/ha is assumed to have come from the soil. This 
is supported by the DairyMod simulated total nitrogen mineralisation at LDF over the experiment of 
~130 kg N/ha (not shown). No examples could be found of N mineralisation rates for permanent 
pasture over a Darnley silt loam soil in the literature. However, annual rates of <100 kg N/ha to ~700 
have been reported for a range of silt loam soils under bare ground and pasture throughout the 
literature (Khumalo, 2012; Mishra et al., 2005; Stark et al., 2007). 
The estimated TAGR indicated the pasture at LDF grew at 3.9 kg DM/ha/°Cd (Section 3.3.3), which is 
less than the maximum 7.5 kg DM/ha/°Cd given in Table 5.11 for a ryegrass pasture. Over the 12 month 
experimental period, if a growth rate of 5.5 kg DM/ha/°Cd were to be targeted, which is approximately 
half way between observed 3.9 kg DM/ha/°Cd and maximum 7.5 kg DM/ha/°Cd, production would 
have increased by approximately a third to 15.3 t DM/ha/y (i.e. 2781 °Cd x 5.5 kg DM/ha/°Cd). At an 
average herbage N content of 3%, the N required by the pasture would have been ~460 kg N/ha, which 
suggests an additional 130 kg N/ha (or 63%) would have been required, on the assumption of 100% 
efficiency of utilisation, in addition to the 207 kg N/ha applied and ~130 kg N/ha that was mineralised. 
A growth rate of 7.5 kg DM/ha/°Cd would have required a total of 625 kg N/ha (or an additional 295 
kg N/ha), and would have resulted in 20.9 t DM/ha/y being produced. The higher herbage yield would 
have in turn allowed for more production per cow or higher stocking rates, therefore the implications 
of N leaching would then also need to be considered. 
Scenario 3 
The final scenario (Scenario 3) involves no irrigation, but an increase in the amount of N fertiliser 
applied. As illustrated in Chapter 5, ryegrass-based pasture grew at an average annual TAGR of 5.3 kg 
DM/ha/°Cd over a two-year period (August 2011 – July 2013) (Table 5.11) when 400 kg N/ha were 
applied, despite water limiting conditions. Applying this growth rate to the LDF Tt of 2781 °Cd gives an 
estimated production of 14.7 t DM/ha/y. Accordingly, with no irrigation water but a higher nitrogen 
input, the herbage yield could have been increased by 3.9 t DM/ha/y or 36%. This is largely due to the 
generally even spread of rainfall throughout the year across Canterbury (Section 3.2.3.1), without 
which nitrogen uptake from the soil by the canopy may be too severely restricted (Garwood & Sinclair, 
1979; Garwood & Williams, 1967). However, this scenario is largely hypothetical, as with irrigation 
infrastructure in place, it is unlikely it would be left unused by the farmer. 
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Scenario analysis 
The net economic gains from each of the three scenarios can be estimated, based on a simple balance 
of pasture production financial gains (in the form of milk solids (MS)) minus irrigation pumping, N 
fertiliser (in the form of urea) costs and an allocation for farm working expenses (FWE) (Table 7.1).  
Pumping costs for irrigation can be estimated from the system capacity, the annual water applied and 
pumping depth, delivery pressure required and efficiency (Neal Borrie, pers. comm., 22 June 2015). 
These data enable total pumping hours per year to be estimated, and then multiplied by a given 
electricity cost (cents/kWh) to give an annual per hectare irrigation pumping cost estimate. A system 
capacity of 0.58 ℓ/s/ha, the equivalent of supplying water at a rate of 5 mm/d, was assumed. As 
irrigation at LDF was largely supplied by the Waimakariri Irrigation Scheme (Section 3.2.4.3), pumping 
costs related to the delivery of water under pressure from the farm gate to the irrigation system, for 
which an assumption of 50 m with a 70% pumping efficiency was made (Neal Borrie, pers. comm., 22 
June 2015). The electricity cost was estimated as 0.14 cents/kWh, assuming an ‘anytime’ rate over the 
summer months (Askin & Askin, 2014). 
For the pasture production, ~11 kg DM/ha equates to 1 kg MS/ha (Glassey, 2007). A range of possible 
milk solid pay-outs from $4.00-$8.00/kg MS was applied. Urea costs ($/ha/y) were estimated based on 
a purchase value of $605/t (Askin & Askin, 2014). Other farm working expenses were estimated to be 
$3/kg MS, which is towards to the lower end of what has been surveyed by DairyNZ (DairyNZ, 2014). 
However, urea and irrigation costs have been separately accounted for in Equation 7.1, and therefore 
the FWE were reduced accordingly. While FWE do include an allowance for supplementary feed, there 
is likely to be some disparity between the demand for and on-site production of feed throughout the 
season under the three scenarios, which has not been accounted for in the estimations. For example, 
Scenario 3 is likely to lead to an excess in supply during the spring, but during the summer period where 
soil moisture deficits may be high, herbage production is likely to fall below that required. In such a 
situation there would be a cost associated with the reallocation of feed throughout the year. Equations 
7.2 and 7.3 detail the method used to calculate the net economic gains. 
 
milk solids (kg MS/ha/y) = yield (kg DM/ha/y) ÷ 11 7.2 
Estimated gain ($/ha/y) = milk soilds × payout − irrigation pumping − urea − FWE 7.3 
 
Table 7.1 indicates that by reducing the amount of irrigation water applied alone, the potential gains 
were ~$29/ha/y, which equates to ~$11 000/y over the 370 ha property at LDF. By reducing the 
amount of irrigation water and increasing the amount of N applied to 502 kg/ha/y (equivalent of 1091 
kg Urea/ha/y), the economic gains could be up to $4200/ha/y at a pay-out rate of $8.00/kg MS. 
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However, any such management decision requires an understanding of the potential for nitrate 
leaching under the various scenarios, and therefore the approach selected is dependent on the 
outcome of any investigation. This could be achieved through the use of models such as the 
OVERSEER® nutrient budgets program (Cichota & Snow, 2009), and field validated through the 
collection and analysis of leachate from the lysimeters when subjected to the range of irrigation and 
nitrogen fertilisation managements. Overall, however, the reduced drainage under each of the 
scenarios is likely to offset any potential increases in leaching. 
Table 7.1 Estimated net economic gains of three irrigation and nitrogen management scenarios 
for a range of milk solids pay-outs ($/kg MS) at Larundel Dairy Farm over the 2011/12 
experimental period.  
Scenario 
Irrigation 
(mm/y) 
N fertiliser  
(kg N/ha/y) 
Herbage yield  
(t DM/ha/y) 
Estimated net gain at given MS pay-out ($/ha/y)1 
$4.50 $5.00 $6.00 $7.00 $8.00 
Actual 225 207 10.8      
Scenario 1 120 207 10.8 29 29 29 29 29 
Scenario 2 
120 337 15.3 472 676 1085 1495 1904 
120 502 20.9 1018 1478 2396 3314 4232 
Scenario 3 0 400 14.7 346 525 883 1241 1599 
Note 1: Based on changes in the costs of pumping, N fertiliser and an estimate of farm working expenses and changes in 
revenue associated with production increases only. Other expenses, for example including soil moisture monitoring and 
any disparity between the demand for and supply of feed have not been accounted for. 
 
7.3 Conclusions 
The research presented in this thesis has provided an in-depth examination of ryegrass pasture 
evapotranspiration and its relationship with canopy development. Specific conclusions include:  
Pasture growth in two of the three lysimeters at LDF was representative of that grown in the wider 
paddock. Due to nitrogen limiting conditions, pasture production was approximately half the 
maximum possible for Canterbury. Simulated pasture growth at TSD and PF also identified a lack of 
nitrogen resulted in limited growth. As the three commercial dairy farms were representative of typical 
dairy farm managements across Canterbury, it is likely that nitrogen deficiency, and therefore sub-
optimal herbage production is common. On average 200 kg N/ha/y were applied across the three 
farms. 
Despite nitrogen limiting conditions, the lysimeter-grown perennial ryegrass pasture at LDF 
maintained a nitrogen content of ~3%, which equated to a photosynthetic efficiency of ~80%. 
Accordingly, to establish whether or not a pasture is nitrogen-limited requires testing of the N content 
of the pasture as well as calculation of the NNI. Reliance on the N content alone can be misleading. 
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The biophysical pasture model DairyMod successfully simulated pasture growth at LDF. However, 
DairyMod did not account for the canopy leaf area response to nitrogen availability, and this is a 
weakness that needs remedying. 
Where soil hydraulic property data are available, HYDRUS can be used to simulate soil water flow with 
reasonable accuracy, and should be used in preference to DairyMod. The DairyMod soil water flow 
predictions were sensitive to the inbuilt temperature stress functions and did not predict total drainage 
and soil moisture contents as accurately as HYDRUS. DairyMod could be improved through coupling 
with HYDRUS and inclusion of the SWW model for the prediction of PETc, in addition to addressing the 
leaf area-N response relationship. 
Evapotranpiration modelling identified that the canopy forms a pivotal role in the process of 
evapotranspiration, and therefore its estimation needs to factor in canopy influences including canopy 
height, leaf area, and ground cover. The PMFAO, PM and PT methods did not sufficiently account for 
variations in the pasture canopy under a grazed scenario, which led to poor and inconsistent 
predictions of water use. Overall, the SWW provided the most accurate estimations of water use so is 
considered the most appropriate method for quantifying evapotranspiration over shorter time periods 
(i.e. a few days), and could therefore be used for on-farm irrigation management/ scheduling.  
Where measured canopy LAI and height data for the pasture canopy are not available when estimating 
evapotranpiration, DairyMod-simulated estimates can be used to accurately simulate PETc. However, 
due to potential errors in the simulated data due to limitations in DairyMod in the simulation of leaf 
extension, differences in the soil surface evaporation and transpiration components are possible.  
The crop coefficient time series developed from actual water use data and the FAO reference crop 
evapotranpiration can be used to estimate PETc over the irrigation season months for a grazed, 
irrigated perennial ryegrass dairy pasture in Canterbury, and therefore provides a valuable tool for 
water allocation management in Canterbury.  
To avoid over-irrigation, and therefore excess drainage and nitrate leaching losses, deficit irrigation 
practices should be adopted. Irrigation should only be applied when the available soil moisture content 
falls to or below 60%, and at a depth that enables effective use of subsequent rainfall inputs (i.e. 10-
20 mm). To achieve this, farms should be instrumented with soil moisture sensors as standard practice 
to aid in irrigation scheduling decisions. Furthermore, irrigation should be delayed by 10-14 days post 
grazing, where soil moisture conditions allow. However, to achieve maximum production, the amount 
of nitrogen fertiliser applied may need to be increased, depending on the existing management 
practices. In general, however, based on the findings of this thesis, the amount of N fertiliser could 
easily be doubled.  
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Appendix 3 Templeton moderately deep silt loam soil profile description for lysimeters 1-3 at Pendo 
Farms. Data provided by T. Webb of Landcare Research Ltd. 
Horizon Top (mm) 
Bottom 
(mm) 
Thickness 
(mm) 
Stone 
(%) 
Sand 
(%) 
Clay 
(%) 
Effective layer 
depth (mm) 
Lysimeter 1 (east) 
A 0 220 220 0 5 20 220 
Bw1 220 400 180 0 5 20 180 
Bw3 400 700 280 0 5 20 280 
Lysimeter 2 (middle) 
A 0 230 230 0 5 20 230 
AB 230 290 60 0 5 20 60 
Bw1 290 400 110 0 5 20 110 
Bw3 400 700 300 0 5 20 300 
Lysimeter 3 (west) 
A 0 220 220 0 5 20 220 
Bw1 220 380 160 0 5 20 160 
Bw3 380 700 320 0 5 20 320 
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Appendix 4 Global radiation data correction at Larundel Dairy Farm and Pendo Farms 
 
The accuracy of the measured radiation data was evaluated using the standard method given by Allen 
(1996). The method entails a comparison of daily measured pyranometer readings of solar radiation 
(Rs) with calculated short wave radiation expected under clear sky conditions (Rso). The method is as 
follows: 
Rs = KTRA 
where RA is the extra-terrestrial radiation, which was computed daily as a function of latitude, and the 
day of the year (Allen et al., 1998). KT is a clearness index, for which Allen (1996) provides numerous 
calculation methods. The method used in this study (Equations 4-7 of Allen (1996)) involved calculation 
of daily KT as a function of atmospheric pressure and the vapour pressure near the surface, which in 
turn is a function of the air temperature and relative humidity. The results identified that for TSD the 
measured daily global radiation values on clear sky days were approximately equal to those expected 
under clear sky conditions. For LDF and PF peak daily radiation values were approximately 73% and 
59% lower, respectively, than what was expected under clear sky conditions (Figure A4a). 
The global radiation data measured over the study period were corrected using simple linear 
regression (Figure A4b). The upper limit values of the measured daily global radiation were regressed 
against calculated clear sky radiation values at each site. The measured radiation values were corrected 
(Figure A4c) using the slope and intercept of the regression line as follows: 
Rsadjusted =
Rs
slope
− intercept 
Figure A4a Comparison of measured daily global radiation (Rs) (―) with expected clear sky radiation 
(Rso) (---) at Larundel Dairy Farm (LDF) and Pendo Farms (PF).  
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Figure A4b Linear regression through upper limit measured daily global radiation values (Rs) plotted 
against calculated daily clear sky radiation values (Rso) for Larundel Dairy Farm (LDF) and 
Pendo Farms (PF). Form of the fitted lines are y = (0.73 ± 0.006)x + (1.17 ± 0.102) (r2 = 
0.99) for LDF and y = (0.59 ± 0.005)x – (0.72 ± 0.098) (r2 = 0.99) for PF.   
 
Figure A4c Comparison of adjusted daily global radiation (Rs_adjusted) (―) with expected clear sky 
radiation (Rso) (---) at Larundel Dairy Farm (LDF) and Pendo Farms (PF).  
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Appendix 5 Nash Sutcliffe efficiency (NSE, ○) and normalised root mean square deviation (NRMSD, 
●) results of DairyMod sensitivity analysis at Larundel Dairy Farm comparing the effects 
of including and excluding clover and changing the following from the model default 
values: pasture rooting depth, low and high temperature (T) stress values and minimum 
and optimum temperatures for light-saturated leaf gross photosynthesis (Pm). 
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Appendix 6 Regression equations, standard errors, and coefficients of determination (r2) for the regressions of herbage mass (HM) against compressed plate 
meter height (RPM), in spring, summer, autumn and winter for ryegrass pasture at Larundel Dairy Farm. 
Measurement 
location 
Spring  Summer  Autumn  Winter 
HM vs. RPM r2  HM vs. RPM r2  HM vs. RPM r2  HM vs. RPM  r2 
Cages y = 231.7 ± 11x - 860 ± 126 0.97  y = 160.04 ± 9.32x - 442.4 ± 66.1 0.89  y = 150.4 ± 11x - 391.9 ± 93.2 0.92  y = 93.57 ± 8.31x + 134.5 ± 38.8 0.88 
L1-L3 y = 195.6 ± 35.6x - 465 ± 413 0.78  y = 182.1 ± 45.9x - 511 ± 340 0.57  y = 122.7 ± 14.9x - 76 ± 123 0.93    
L2 & L3 y = 231.9 ± 37.5x - 631 ± 439 0.88  y = 75.6 ± 65.1x + 336 ± 502 0.051  y = 127.1 ± 14.4x - 84 ± 124 0.96    
Channels y = 213.57 ± 9.16x - 692 ± 104 0.99  y = 117 ± 42.1x - 114 ± 400 0.38  y = 164.9 ± 46.4x - 527 ± 437 0.70    
Note 1: low r2 values due to limited data points 
 
 
Appendix 7 Herbage growth rates for individual regrowth cycles of perennial ryegrass pasture for the period 09/09/2011 - 07/09/2012 at Larundel Dairy Farm, 
West Eyreton, Canterbury.  
Regrowth cycle Lysimeters1 Channels Cages Site SEM2 
1 71.9 55.4 79.7 NS 4.8 
2 26.1 30.6 32.1 NS 2.1 
3 37.8 41.6 36.4 NS 1.1 
4 41.2 53.6 54.1 NS 3.7 
5 38.1 37.8 34.1 NS 2.4 
6 50.3 46.7 52.9 NS 2.9 
7 40.9 44.8 52.5 NS 2.2 
8 16.5 14.6 25.1 0.027 1.6 
9 4.8 6.8 8.0 NS 0.9 
Note 1: Treatment means for the lysimeters excluded L1. 
Note 2: SEM values show the effects of site. Values in bold are the pooled treatment SEM value when site 
was not significant.  
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Appendix 8 Summary of dates and times of missing lysimeter drainage data at Larundel Dairy Farm, 
Three Springs Dairies and Pendo Farms. 
Lysimeter site Start date/time End date/time Duration 
Larundel Dairy Farm 
06/11/2011  11:00  a.m. 
24/12/2011  12:20  a.m. 
26/01/2012  09:20  a.m. 
02/03/2012  07:40  a.m. 
15/04/2012  10:20  a.m. 
04/06/2012  05:00  p.m. 
05/06/2012  07:00  a.m. 
28/06/2012  09:00  a.m. 
03/07/2012  11:40  a.m. 
13/08/2012  11:50  p.m. 
06/11/2011  11:20  a.m. 
24/12/2011  12:40  a.m. 
27/01/2012  09:00  a.m. 
02/03/2012  08:00  a.m. 
15/04/2012  10:40  a.m. 
04/06/2012  08:00  p.m. 
05/06/2012  08:00  a.m. 
29/06/2012  11:50  a.m. 
03/07/2012  01:00  p.m. 
15/09/2012  00:00 a.m. 
20 minutes 
20 minutes 
20 minutes 
20 minutes 
20 minutes 
3 hours 
1 hour 
26 hours, 50 minutes 
1 hour, 20 minutes 
>1 month 
Three Springs Dairies 
01/09/2011  02:00  p.m. 
06/09/2011  04:00  p.m. 
04/06/2012  05:00  p.m. 
05/06/2012  07:00  a.m. 
03/07/2012  12:00  p.m. 
01/09/2011  03:00 p.m. 
06/09/2011  05:00  p.m. 
04/06/2012  08:00  p.m. 
05/06/2012  08:00  a.m. 
03/07/2012  01:00  p.m. 
1 hour 
1 hour 
3 hours 
1 hour 
1 hour 
Pendo Farms 
01/09/2011  02:00  p.m. 
06/09/2011  04:00  p.m. 
04/06/2012  05:00  p.m. 
05/06/2012  06:00  a.m. 
27/06/2012  09:00  a.m. 
29/06/2012  11:00  a.m. 
03/07/2012  11:00  a.m. 
01/09/2011  03:00  p.m. 
06/09/2011  05:00  p.m. 
04/06/2012  07:00  p.m. 
05/06/2012  08:00  a.m. 
28/06/2012  10:50  a.m. 
30/06/2012  02:50  p.m. 
03/07/2012  01:00  p.m. 
1 hour 
1 hour 
2 hours 
2 hours 
26 hours, 50 minutes 
27 hours, 50 minutes 
2 hours 
 
Appendix 9 Gravimetric-based measurements of the volumetric water content (v%) against 
HydroSense measured volumetric water content (v%) for the upper 120 mm field soil 
profile at Larundel Dairy Farm (LDF) (A), Three Springs Dairies (TSD) (B), and Pendo Farms 
(PF) (C). Forms of the fitted lines are y = (0.76± 0.071)x + (16.64±2.040) (r2=0.91) for LDF, 
y = (0.78± 0.112)x + (12.69±3.820) (r2=0.84) for TSD, and y = (0.94± 0.078)x + 
(10.82±2.000) (r2=0.93) for PF. 1:1 line shown for illustrative purposes (- - -) 
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Appendix 10 Calibrated Hydrosense probe estimates of the volumetric water content (v%) against 
neutron probe measured volumetric water content (%) for the upper 120 mm lysimeter 
soil profiles at Larundel Dairy Farm (LDF) (a), Three Springs Dairies (TSD) (b), and Pendo 
Farms (PF) (c). The fitted lines were forced through the origin due to irrigation 
preventing measurements at lower soil water contents.  It is reasonable to expect that 
at a moisture content of zero, the neutron probe should also give a reading of zero. 
Forms of the fitted lines when forced through the origin are y = (0.93± 0.009)x (r2=0.60) 
for LDF, y = (1.03±0.036)x (r2=0.48) for TSD, and y = (1.18±0.051)x (r2=0.40) for PF. 1:1 
line shown for illustrative purposes (- - -). 
 
 
Appendix 11 Estimated soil moisture retention characteristic curves for soil profile layers 0-180 mm 
(), 180-520 mm (- - -) and 520-700 mm (---) derived from soil hydraulic parameters in 
Table 4.1 for a Darnley Silt Loam soil, adjusted for stone content, West Eyreton, 
Canterbury. 
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Appendix 12 Nash Sutcliffe efficiency (NSE, ○) and normalised root mean square deviation (NRMSD, 
●) results of HYDRUS sensitivity analysis at Larundel Dairy Farm comparing the effects 
of changing the following from the model default values: pasture rooting depth; ‘I’ and 
Ksat soil hydraulic parameters; the allowed surface ponding depth; and plant root water 
uptake parameters h1 (soil water pressure head at saturation), h4 (the pressure head at 
the wilting point), h2 and h3 (the soil water pressure heads between which water uptake 
is maximal) and the potential transpiration rates (Thigh and Tlow), which vary with h3. 
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Appendix 13 Soil hydraulic property and textural data, adjusted for stone content, for a Lismore silt loam soil at Three Springs Dairies, Methven, Canterbury from 
Dr Rogerio Cichota (pers. comm., 19 Dec. 2014). θr , θs, θFC, and θWP are the residual, saturated, field capacity and wilting point volumetric soil water 
contents, Ksat is the saturated hydraulic conductivity and Ψe is the air entry water suction.  b is a fitting constant used by Brooks and Corey (1964). 
Soil depth (mm) 
θr 
% 
θs 
% 
θFC (θ10 kPa) 
% 
θWP (θ10 kPa) 
% 
Ksat 
mm/d 
Ψe 
(kPa) 
b 
- 
Stones % Sand % Silt % Clay % 
0-100 3.3 39.4 33.2 15.8 10656 -1.2 6.12 17.0 27.0 45.0 28.0 
100-300 3.0 34.5 27.4 13.3 3091 -3.1 5.61 26.0 25.0 49.0 27.0 
300-500 1.8 30.8 16.6 6.9 2342 -2.8 4.86 54.0 33.0 43.0 25.0 
500-700 3.6 14.7 9.0 4.3 12103 -1.4 2.26 64.0 70.0 18.0 13.0 
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Appendix 14 Estimated soil moisture retention characteristic curves for soil profile layers 0-100 mm 
(), 100-300 mm (- - -), 300-500 mm (---) and 500-700 (···) derived from soil hydraulic 
parameters in Table 4.4 for a Lismore stony silt loam soil at Three Springs Dairies, 
Methven, Canterbury. 
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Appendix 15 Soil water content (%) at varying matric potentials and saturated hydraulic conductivity values for a Templeton silt loam soil, Canterbury. (a)-(c) present 
data sourced from Watt and Burgham (1992) and (d) data from (Fraser, 1992). Soil depths in brackets are the assumed soil layer depth where data is 
not provided in the literature for the full soil profile. 
(a) Watt and Burgham (1992): Templeton deep silt loam on sand (1) 
Soil depth 
Matric potential (kPa) 
Ksat (mm/d) 
0 -1 -2 -4 -5 -10 -20 -50 -100 -329 -882 -1500 
0-220 0.572 0.400   0.365 0.327 0.288 0.254 0.220   0.108 2784 
221-350 0.516   0.450  0.322  0.233 0.226 0.200 0.150 0.101 79.2 
670-700 (351-700) 0.482  0.400   0.281 0.178 0.105 0.078   0.039 192 
 
(b) Watt and Burgham (1992): Templeton deep silt loam on sand (2) 
Soil depth 
Matric potential (kPa) 
Ksat (mm/d) 
0 -0.2 -2 -5 -10 -20 -50 -100 -264 -302 -590 -839 -1251 -1500 
0-220 0.477 0.400  0.369 0.349 0.326 0.301 0.270 0.250   0.200  0.156 5352 
290-340 (221-340) 0.438   0.321 0.304 0.287 0.264 0.238   0.200   0.159 336 
560-700 (341-700) 0.445  0.400 0.369 0.350 0.336 0.262 0.220  0.200   0.150 0.139 26.4 
 
(c) Watt and Burgham (1992): Templeton deep silt loam on sand (3) 
Soil depth 
Matric potential (kPa) 
Ksat (mm/d) 
0 -1 -2 -5 -10 -20 -50 -100 -227 -541 -861 -1035 -1500 
0-190 0.454  0.400 0.378 0.361 0.348 0.334 0.318  0.250  0.200 0.158 5880 
340-500 (191-500) 0.382 0.350  0.325 0.309 0.297 0.284 0.269 0.250  0.2  0.162 24 
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(d) Fraser (1992): Templeton deep silt loam  
Soil depth 
Matric potential (kPa) 
Ksat (mm/d) 
0 -1 -2 -3 -5 -10 -30 -100 -300 -1500 
0-250 0.467 0.409 0.390 0.379 0.348 0.312 0.299 0.278 0.237 0.192 115.2 
251-450 0.423 0.351 0.342 0.332 0.311 0.273 0.287 0.231 0.185 0.150 437.4 
451-600 0.583 0.545 0.523 0.510 0.485 0.453 0.260 0.181 0.125 0.115 1485.6 
601-700 0.585 0.551 0.529 0.526 0.505 0.465 0.269 0.163 0.112 0.094 1180.8 
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Appendix 16 Estimated soil moisture retention characteristic curves for soil profile layers 0-220 mm 
(), 290-340 mm (- - -) and 560-700 mm (---) derived from soil hydraulic parameters in 
Table 4.5 for the Templeton deep silt loam (2) soil in Canterbury given by Watt and 
Burgham (1992). 
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Appendix 17 Monthly averaged mean daily actual evapotranspiration (AETdaily) for perennial ryegrass 
pastures at Larundel Dairy Farm (LDF), Three Springs Dairies (TSD) and Pendo Farms (PF). 
AETdaily calculated using measured drainage data and then using drainage data modelled 
with HYDRUS-1D for PF prior to rubber rim installation and for TSD. SEM values in bold 
are the pooled treatment SEM value where the effect of site was not significant. 
Treatment means across each row followed by the same subscript letter were similar. 
Month LDF TSD PF Site SEM 
AET with measured drainage 
Sep-11 1.35b 1.72a 1.99a 0.019 0.091 
Oct-11 2.03a 2.42a 2.54a NS 0.110 
Nov-11 2.55b 3.05b 3.64a 0.013 0.137 
Dec-11 2.95b 4.07a 3.5b 0.013 0.142 
Jan-12 3.03a 3.87a 3.71a NS 0.160 
Feb-12 2.4a 2.95a 1.9a NS 0.207 
Mar-12 1.72b 2.12a 2.16a 0.028 0.078 
Apr-12 1.16b 1.52a 1.17b 0.010 0.048 
May-12 1.12a 0.77b 0.65b 0.031 0.081 
Jun-12 0.79a 0.54a 0.96a NS 0.102 
Jul-12 0.48a 0.57a 0.49a NS 0.102 
Aug-12 0.54b 1.68a 0.47b 0.037 0.234 
Sep-12 0.81b 1.11ab 1.55a 0.039 0.131 
AET with potential drainage (TSD and PF) 
Sep-11 1.35b 1.37b 1.95a 0.004 0.065 
Oct-11 2.03a 1.65a 2.24a NS 0.109 
Nov-11 2.55b 2.53b 3.55a 0.004 0.103 
Dec-11 2.95a 3.2a 3.5a NS 0.111 
Jan-12 3.03b 2.99b 3.71a <0.001 0.047 
Feb-12 2.4a 2.12ab 1.9b 0.029 0.079 
Mar-12 1.72a 1.77a 2.16a NS 0.087 
Apr-12 1.16a 1.24a 1.17a NS 0.023 
May-12 1.12a 0.16c 0.65b 0.002 0.073 
Jun-12 0.79a 0.14b 0.96a 0.011 0.106 
Jul-12 0.48a 0.07a 0.49a NS 0.106 
Aug-12 0.54a 0.69a 0.47a NS 0.087 
Sep-12 0.81b 1.13ab 1.55a 0.040 0.132 
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Appendix 18 Daily DairyMod-simulated potential evapotranspiration (DMod-PETc) and daily actual 
evapotranspiration (AETdaily) from lysimeter-grown perennial ryegrass/white clover 
pastures at Larundel Dairy Farm (▲,―) (LDF), Three Springs Dairies (◆,―) (TSD) and 
Pendo Farms (●,―) (PF), for the period 07/09/2011-14/09/2012. TSD (◇,―) and PF 
(○,―) also compare DMod-PETc with AETdaily calculated with the estimated potential 
drainage data from Figure 4.13. Plots compare the relationship between AETdaily and 
DMod-PETc (top), and residuals (DMod-PETc - AETdaily) over time (bottom). Forms of the 
fitted lines (---) are: (a) y= (0.7340.03)x + 0.50±0.05 (r2=0.68), (b(i)) y= (1.30±0.04)x + 
0.29±0.07 (r2=0.71), (b(ii)) y= (1.12±0.03)x - 0.05±0.06 (r2=0.74), (c(i)) y= (0.89±0.03)x + 
0.47±0.07 (r2=0.67) and (c(ii)) y= (0.88±0.03)x + 0.46±0.07 (r2=0.67). 
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Appendix 19 Daily Priestley-Taylor potential evapotranspiration (PT-PETc) and daily actual 
evapotranspiration (AETdaily) from lysimeter-grown perennial ryegrass/white clover 
pastures at Larundel Dairy Farm (▲,―) (LDF), Three Springs Dairies (◆,―) (TSD) and 
Pendo Farms (●,―) (PF), for the period 07/09/2011-14/09/2012. TSD (◇,―) and PF 
(○,―) also compare PT-PETc with AETdaily calculated with the estimated potential 
drainage data from Figure 4.13. Plots compare the relationship between AETdaily and PT-
PETc (top), and residuals (PT-PETc - AETdaily) over time (bottom). Forms of the fitted lines 
(---) are: (a) y= (0.56±0.01)x + 0.43±0.04 (r2=0.83), (b(i)) y= (0.85±0.02)x + 0.41±0.05 
(r2=0.83), (b(ii)) y= (0.75±0.01)x + 0.04±0.03 (r2=0.89), (c(i)) y= (0.720±0.02)x + 0.35±0.05 
(r2=0.81) and (c(ii)) y= (0.71±0.02)x + 0.34±0.05 (r2=0.81). 
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Appendix 20 Daily FAO modified Penman-Monteith reference crop potential evapotranspiration 
(FAO-PETo) and daily actual evapotranspiration (AETdaily) from lysimeter-grown perennial 
ryegrass/white clover pastures at Larundel Dairy Farm (▲,―) (LDF), Three Springs 
Dairies (◆,―) (TSD) and Pendo Farms (●,―) (PF), for the period 07/09/2011-
14/09/2012. TSD (◇,―) and PF (○,―) also compare FAO-PETc with AETdaily calculated 
with the estimated potential drainage data from Figure 4.13. Plots compare the 
relationship between AETdaily and FAO-PETc (top), and residuals (FAO-PETc - AETdaily) over 
time (bottom). Forms of the fitted lines (---) are: (a) y= (0.71±0.01)x - 0.05±0.03 (r2=0.92), 
(b(i)) y= (0.98±0.01)x - 0.23±0.05 (r2=0.90), (b(ii)) y= (0.83±0.01)x - 0.47±0.04 (r2=0.91), 
(c(i)) y= (0.86±0.01)x - 0.20±0.03 (r2=0.940) and (c(ii)) y= (0.85±0.01)x - 0.20±0.03 
(r2=0.95). 
 
  
0
2
4
6
8
0 2 4 6 8
A
ET
d
ai
ly
(m
m
/d
)
FAO-PETo (mm/d)
(a)
(i)
(ii)
0
2
4
6
8
0 2 4 6 8
FAO-PETo (mm/d)
(b)
(i)
(ii)
0
2
4
6
8
0 2 4 6 8
FAO-PETo (mm/d)
(c)
-5
-3
-1
1
3
5
01Sep11 01Mar12 01Sep12
R
es
id
u
al
s 
(m
m
)
Date
(d)
-5
-3
-1
1
3
5
01Sep11 01Mar12 01Sep12
Date
(e)
-5
-3
-1
1
3
5
01Sep11 01Mar12 01Sep12
Date
(f)
302 
Appendix 21 Daily Penman-Monteith potential evapotranspiration (PM-PETc) and daily actual 
evapotranspiration (AETdaily) from lysimeter-grown perennial ryegrass/white clover 
pastures at Larundel Dairy Farm (▲,―) (LDF), Three Springs Dairies (◆,―) (TSD) and 
Pendo Farms (●,―) (PF), for the period 07/09/2011-14/09/2012. TSD (◇,―) and PF 
(○,―) also compare PM-PETc with AETdaily calculated with the estimated potential 
drainage data from Figure 4.13. Plots compare the relationship between AETdaily and PM-
PETc (top), and residuals (PM-PETc - AETdaily) over time (bottom). Forms of the fitted lines 
(---) are: (a) y= (0.67±0.02)x + 0.22±0.04 (r2=0.82), (b(i)) y= (1.15±0.03)x – 0.09±0.06 
(r2=0.84), (b(ii)) y= (0.99±0.02)x - 0.38±0.04 (r2=0.88), (c(i)) y= (0.95±0.02)x - 0.01±0.06 
(r2=0.82) and (c(ii)) y= (0.94±0.02)x - 0.02±0.05 (r2=0.82). 
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Appendix 22 Daily dual crop coefficient potential evapotranspiration (DCC-PETc) and daily actual 
evapotranspiration (AETdaily) from lysimeter-grown perennial ryegrass/white clover 
pastures at Larundel Dairy Farm (▲,―) (LDF), Three Springs Dairies (◆,―) (TSD) and 
Pendo Farms (●,―) (PF), for the period 07/09/2011-14/09/2012. TSD (◇,―) and PF 
(○,―) also compare DCC-PETc with AETdaily calculated with the estimated potential 
drainage data from Figure 4.13. Plots compare the relationship between AETdaily and 
DCC-PETc (top), and residuals (DCC-PETc - AETdaily) over time (bottom). Forms of the fitted 
lines (---) are: (a) y= (0.73±0.02)x + 0.39±0.05 (r2=0.74), (b(i)) y= (0.96±0.0.03)x + 
0.29±0.06 (r2=0.78), (b(ii)) y= (0.81±0.02)x - 0.01±0.05 (r2=0.78), (c(i)) y= (0.88±0.02)x + 
0.24±0.04 (r2=0.88) and (c(ii)) y= (0.87±0.02)x + 0.23±0.04 (r2=0.88). 
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Appendix 23 Mean daily residuals of dual crop coefficient modelled potential evapotranspiration 
(DCC-PETc) minus lysimeter measured actual evapotranspiration (AET) for each 
measurement time step for the period 07/09/2011-14/09/2012, at Larundel Dairy Farm 
(▲), Three Springs Dairies (◆,◇) and Pendo Farms (●,○). Closed symbols correspond 
to AETdaily calculations with measured drainage data. Open symbols correspond to 
AETdaily calculations with the estimated potential drainage data from Figure 4.10. Each 
measurement time step refers to the period between consecutive soil moisture 
measurements, over which lysimeter AET was calculated. 
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Appendix 24 Daily Shuttleworth-Wallace potential evapotranspiration (SWW-PETc) and daily actual 
evapotranspiration (AETdaily) from lysimeter-grown perennial ryegrass/white clover 
pastures at Larundel Dairy Farm (▲,―) (LDF), Three Springs Dairies (◆,―) (TSD) and 
Pendo Farms (●,―) (PF), for the period 07/09/2011-14/09/2012. TSD (◇,―) and PF 
(○,―) also compare SWW-PETc with AETdaily calculated with the estimated potential 
drainage data from Figure 4.13. Plots compare the relationship between AETdaily and 
SWW-PETc (top), and residuals (SWW-PETc - AETdaily) over time (bottom). Forms of the 
fitted lines (---) are: (a) y= (0.77±0.02)x + 0.41±0.04 (r2=0.83), (b(i)) y= (1.13±0.03)x + 
0.39±0.05 (r2=0.83), (b(ii)) y= (0.99±0.02)x + 0.03±0.03 (r2=0.88), (c(i)) y= (0.91±0.03)x + 
0.36±0.05 (r2=0.78) and (c(ii)) y= (0.90±0.02)x + 0.35±0.05 (r2=0.78). 
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Appendix 25 Estimated soil moisture retention characteristic curves for layers 0-180 mm (), 180-
360 mm (- - -) and 360-500 mm (---) derived from modified soil hydraulic parameters in 
Table 5.10 for a Wakanui Silt loam at Lincoln, Canterbury. 
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Appendix 26 Nash Sutcliffe efficiency (NSE, ○) and normalised root mean square deviation (NRMSD, 
●) results of HYDRUS site specific soil hydraulic parameter testing at Iversen Field, 
Lincoln University for the +I+N treatments. The analysis compared the effects of 
adjusting the estimated soil hydraulic parameters θr (residual water content), θs 
(saturated water content), n and α (soil water retention function parameters), Ksat 
(saturated hydraulic conductivity) and I (tortuosity parameter) from Table 5.9. 
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Appendix 27 Observed herbage yield (kg DM/ha) of individual regrowth cycles of perennial 
ryegrass/white clover pasture at Iversen Field block I8 at Lincoln University, Canterbury. 
Treatments are irrigated (+I) or unirrigated (-I), nitrogen-fertilised (+N) or unfertilised (-
N). Treatment means across each row followed by the same subscript letter were 
similar. 
Year 
Regrowth 
cycle 
+I+N +I-N -I+N -I-N I N I*N SEM  
2011/12 
1 2984a 2027b 2976a 2048b NS <0.001 NS 150.1 
2 3522a 2742b 3413a 2752b NS 0.002 NS 163.0 
3 2929a 1749b 3110a 1599b NS <0.001 NS 259.1 
4 3622a 2475c 3188b 1674d 0.001 <0.001 NS 130.3 
5 2491a 1873a 905b 588b <0.001 NS NS 230.5 
6 3017a 2354b 2328b 1320c <0.001 0.001 NS 179.9 
7 1303a 665b 792b 365c 0.001 <0.001 NS 87.9 
8 688b 382c 1017a 470c 0.011 ≤0.001 NS 66.0 
2012/13 
9 2370b 1739c 2875a 1969c 0.02 <0.001 NS 130.0 
10 3609a 2765b 3663a 2861b NS <0.001 NS 150.0 
11 2597a 1294c 1771b 1076c 0.016 <0.001 NS 177.7 
12 1400a 1298a 357b 287b <0.001 NS NS 64.2 
13 1456a 1298a 172b 155b <0.001 NS NS 93.4 
14 1927a 1699a 61b 86b <0.001 NS NS 94.4 
15 1285a 729b 704b 443c <0.001 <0.001 0.049 64.8 
16 763b 506c 1162a 791b 0.001 0.002 NS 73.7 
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Appendix 28 Observed nitrogen content (%) of individual regrowth cycles of perennial ryegrass/white 
clover pasture at Iversen Field block I8 at Lincoln University, Canterbury. Treatments are 
irrigated (+I) or unirrigated (-I), nitrogen-fertilised (+N) or unfertilised (-N). SEM values 
in bold are the pooled treatment SEM value where the effects of I or N were not 
significant. Treatment means across each row followed by the same subscript letter 
were similar. 
Year 
Regrowth 
cycle 
+I+N +I-N -I+N -I-N I N I*N SEMI*N  
2011/12 
1 3.07a 2.36b 3.1a 2.55b NS 0.010 NS 0.109 
2 2.67a 2.33b 1.92c 1.96c 0.001 NS 0.032 0.049 
3 2.45a 1.67a 2.36a 1.84a NS NS NS 0.173 
4 1.99a 1.62a 2.06a 1.6a NS NS NS 0.101 
5 2.42a 2.6a 2.35ab 2.03b 0.020 NS NS 0.113 
6 2.48ab 2.84a 2.28b 2.45b 0.026 0.045 NS 0.112 
7 2.79a 2.27b 2.42ab 2.28b NS 0.024 NS 0.123 
8 3.36a 3.01a 2.99a 2.46b 0.005 0.006 NS 0.125 
2012/13 
9 3.03a 2.75a 2.64a 2.7a NS NS NS 0.062 
10 2.64a 2.32a 2.2a 2.32a NS NS NS 0.071 
11 2.15ab 2.27a 1.76c 1.9bc 0.006 NS NS 0.105 
12 3.2a 2.81a 2.01b 1.91b <0.001 NS NS 0.143 
13 2.86a 2.73a 2.54ab 2.41b 0.045 NS NS 0.139 
14 2.94a 3a 2.5b 2.29b <0.001 NS NS 0.095 
15 3.08b 2.46a 3.48b 2.87c 0.007 <0.001 NS 0.116 
16 3.59b 3.38a 3.72c 3.35c 0.018 <0.001 0.006 0.019 
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Appendix 29 HYDRUS-simulated drainage (mm) below 900 mm for individual regrowth cycles from 
perennial ryegrass/white clover pasture at Iversen Field block I8, Lincoln University, 
Canterbury. Treatments are irrigated (+I) or unirrigated (-I), nitrogen-fertilised (+N) or 
unfertilised (-N). Treatment means across each row followed by the same subscript 
letter were similar. 
Year 
Regrowth 
cycle 
+I+N +I-N -I+N -I-N I N I*N SEMI*N 
2011/12 
1 87.17a 87.25a 97.87b 97.94b <0.001 NS NS 0.038 
2 32.47a 32.33a 29.16b 29.12b <0.001 NS NS 0.080 
3 10.12b 10.22b 13.50a 13.59a <0.001 0.041 NS 0.040 
4 1.42b 1.53a 1.05d 1.11c <0.001 0.001 NS 0.019 
5 0.13b 0.14a 0.03c 0.03c <0.001 <0.001 0.001 0.002 
6 0.06b 0.07a 0.02d 0.03c <0.001 <0.001 NS 0.001 
7 0.5b 0.6a 0.03c 0.03c <0.001 <0.001 <0.001 0.006 
8 49.09b 50.20a 5.97c 5.78d <0.001 <0.001 <0.001 0.058 
2012/13 
9 108.63a 108.63a 96.7b 96.34c <0.001 0.006 0.006 0.050 
10 9.11a 9.13a 10.15b 10.18b <0.001 NS NS 0.014 
11 3.14b 3.2a 2.25d 2.27c <0.001 <0.001 0.009 0.005 
12 1.61b 1.71a 0.1c 0.11c <0.001 <0.001 <0.001 0.008 
13 0.03a 0.04a 0.01b 0.01b <0.001 NS NS 0.004 
14 0.02a 0.02a 0.01a 0.01a NS NS NS 0.000 
15 0.08a 0.08a 0.03b 0.03b <0.001 NS NS 0.003 
16 288.40a 287.94b 250.96c 250.71d <0.001 NS 0.029 0.042 
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Appendix 30 Calculation of the potential evapotranspiration deficit (PED) (Mullan et al., 2005) 
 
The water balance calculation used to determine PED assumes that the water gains and losses to the 
soil profile are typically in balance. Provided water is non-limiting, the balance for a given rainfall period 
can be written: 
P = PETo + RO + D ± ΔS 
Where P is precipitation, PETo is the potential (or upper limit) climate-derived evapotranspiration for 
pasture, RO is surface runoff, D is drainage, and ΔS is the change in water storage. In principle, for each 
day, 
S = Sd-1 + P – PET – RO – D 
where S is the new storage, and Sd-1 is the water storage for the previous day. 
The available water capacity (AWC) for the soil is taken to be the difference in the soil water storage 
between field capacity and wilting point. Rainfall in excess of field capacity is assumed lost to the water 
balance by runoff and drainage. 
If: Sd-1 + P – PETo > AWC 
Then: (Sd-1 + P – PETo) – AWC = (RO + D) 
As S is reduced and water extraction by the plant becomes increasingly difficult, constrained water use 
is estimated assuming evapotranspiration (ET) continues at its potential rate until half AWC is depleted, 
following which it ceases until further rain occurs. 
If: S < ½(AWC) 
Then: ET = 0 
The difference between the subsequent soil water-restricted evapotranspiration, (RET), and the 
atmospheric potential evapotranspiration for the period (PETo), is the PED and is incremented on a 
daily basis. 
PED = PED d-1 + (PETo – RET) 
In effect, PED is approximately equivalent to the amount of water that would need to be added by 
rainfall or irrigation to keep pasture growing at its daily potential rate. 
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Appendix 31 Irrigation scheduling scenario results at Larundel Dairy Farm (LDF), Three Springs Dairies (TSD) and Pendo Farms (PF). 
Trigger mm RI 
 LDF  TSD  PF 
 I D RO T E Y  I D RO T E Y  I D RO T E Y 
No irrigation  0 25 0.06 272 119 3.5  0 92 0.09 211 83 5.5  0 45 0.08 286 106 5.7 
50% 
5 1  120 24 0.00 376 133 5.3  140 92 0.19 322 99 10.6  180 45 0.05 420 144 12.0 
10 2  110 24 0.00 369 130 5.4  150 92 0.06 332 98 10.9  190 45 0.05 420 144 12.1 
15 3  120 24 0.00 377 134 5.4  135 92 0.03 327 97 10.6  180 45 0.06 420 144 12.2 
20 4  120 24 0.00 374 136 5.5  140 92 0.06 334 98 10.4  180 45 0.06 420 144 12.2 
25 5  125 24 0.00 371 136 5.4  150 92 0.04 333 96 10.7  200 45 0.06 420 144 12.1 
30 6  150 24 0.00 387 139 5.4  150 92 0.04 324 91 10.1  210 45 0.06 420 144 12.0 
35 7  140 24 0.00 395 139 5.3  140 92 0.04 327 98 9.5  210 45 0.06 420 144 11.8 
40 8  160 26 0.00 399 143 5.3  160 92 0.04 350 99 10.0  240 46 0.06 420 144 11.8 
45 9  180 35 0.00 399 140 5.3  180 93 0.02 362 102 10.1  270 47 0.06 420 144 11.6 
50 10  200 42 0.00 409 143 5.3  200 93 0.02 366 105 9.8  250 54 0.06 420 144 11.7 
55 11  220 51 0.00 411 143 5.3  220 95 0.02 375 107 9.7  275 66 0.06 420 144 11.7 
60 12  240 61 0.00 409 143 5.2  240 99 0.01 381 107 9.5  300 78 0.07 420 144 11.5 
60% 
5 1  155 24 0.00 401 143 5.5  160 92 0.18 338 106 11.4  205 45 0.07 420 144 12.4 
10 2  130 24 0.00 382 135 5.5  160 92 0.06 345 103 11.6  210 45 0.08 420 144 12.5 
15 3  120 24 0.00 376 134 5.5  165 92 0.03 353 102 11.6  210 45 0.07 420 144 12.5 
20 4  140 24 0.00 393 139 5.5  160 92 0.05 349 100 11.5  220 46 0.07 420 144 12.4 
25 5  150 24 0.00 393 139 5.5  175 92 0.03 355 104 11.2  225 48 0.07 420 144 12.3 
30 6  210 38 0.00 397 144 5.5  210 95 0.04 362 106 11.0  240 54 0.07 420 144 12.1 
35 7  210 25 0.00 392 144 5.5  245 101 0.01 383 112 11.0  280 63 0.07 420 144 12.1 
40 8  200 28 0.00 405 144 5.5  280 113 0.00 387 120 11.1  320 76 0.11 420 144 12.1 
45 9  225 33 0.00 403 144 5.4  315 134 0.00 387 128 11.0  360 101 0.13 420 144 12.0 
50 10  250 50 0.00 404 144 5.4  350 168 0.00 387 129 11.0  400 141 0.12 420 144 12.0 
55 11  275 71 0.00 418 144 5.4  385 202 0.00 387 130 11.0  440 183 0.16 419 144 12.0 
60 12  300 83 0.00 416 144 5.4  360 175 0.00 387 132 11.0  480 222 0.33 418 144 12.0 
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Trigger mm RI 
 LDF  TSD  PF 
 I D RO T E Y  I D RO T E Y  I D RO T E Y 
70% 
5 1  150 24 0.00 398 140 5.5  200 95 0.12 362 116 11.9  225 45 0.09 420 144 12.6 
10 2  140 24 0.00 396 138 5.5  200 100 0.04 361 111 11.9  240 50 0.08 420 144 12.6 
15 3  135 24 0.00 389 139 5.5  195 104 0.04 359 108 11.8  240 45 0.08 420 144 12.6 
20 4  180 32 0.00 406 142 5.5  220 113 0.02 378 111 11.8  240 46 0.08 420 144 12.6 
25 5  200 46 0.00 410 144 5.5  275 130 0.00 387 122 11.7  275 49 0.08 420 144 12.5 
30 6  180 24 0.00 399 144 5.5  330 153 0.00 387 133 11.7  300 56 0.08 420 144 12.5 
35 7  280 54 0.00 408 144 5.5  315 144 0.00 387 127 11.7  350 91 0.08 420 144 12.4 
40 8  320 114 0.00 410 144 5.5  400 219 0.00 387 133 11.7  400 141 0.08 420 144 12.5 
45 9  315 102 0.00 414 144 5.5  495 304 0.00 387 139 11.7  450 192 0.07 419 144 12.5 
50 10  400 142 0.00 420 143 5.4  500 316 0.00 387 136 11.7  500 242 0.14 419 144 12.4 
55 11  385 156 0.00 418 144 5.4  660 469 0.01 387 139 14.3  605 316 0.35 418 144 15.2 
60 12  420 161 0.00 419 144 5.4  660 472 0.01 387 139 14.2  660 403 0.51 418 144 15.1 
80% 
5 1  155 25 0.00 403 143 5.5  220 108 0.05 368 118 12.0  240 47 0.09 420 144 12.6 
10 2  180 29 0.00 404 144 5.5  230 115 0.02 376 119 12.0  260 55 0.08 420 144 12.6 
15 3  225 47 0.00 409 144 5.5  240 120 0.01 382 121 12.0  270 53 0.10 420 144 12.6 
20 4  260 64 0.00 403 144 5.5  320 149 0.00 387 134 12.0  300 75 0.10 420 144 12.6 
25 5  325 100 0.00 404 144 5.5  400 209 0.00 387 139 12.1  350 103 0.15 419 144 12.6 
30 6  330 119 0.00 417 144 5.5  480 289 0.01 387 139 12.0  420 163 0.18 419 144 12.6 
35 7  420 174 0.00 420 144 5.4  560 369 0.01 387 139 12.0  490 233 0.32 418 144 12.6 
40 8  480 233 0.00 416 144 5.4  600 408 0.01 387 139 12.1  600 344 0.34 418 144 12.6 
45 9  540 289 0.00 418 143 5.3  630 439 0.01 387 139 12.1  630 373 0.34 419 144 12.6 
50 10  650 366 0.00 420 144 5.3  650 458 0.01 387 139 12.0  700 444 0.44 418 144 12.4 
55 11  550 285 0.00 417 143 5.2  715 524 0.01 387 139 12.0  770 514 0.39 417 144 12.5 
60 12  720 433 0.00 420 144 5.1  780 587 0.01 387 139 11.7  780 479 0.25 419 144 12.4 
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Trigger mm RI 
 LDF  TSD  PF 
 I D RO T E Y  I D RO T E Y  I D RO T E Y 
90% 
5 1  215 41 0.00 411 144 5.5  295 147 0.01 387 134 12.1  270 53 0.12 420 144 12.7 
10 2  210 52 0.00 409 144 5.5  360 185 0.00 387 137 12.1  300 63 0.13 420 144 12.7 
15 3  285 89 0.00 406 144 5.4  525 323 0.01 387 139 12.2  345 87 0.13 420 144 12.6 
20 4  380 154 0.00 414 144 5.4  640 438 0.01 387 139 12.2  460 180 0.18 419 144 12.6 
25 5  475 248 0.00 412 144 5.4  700 497 0.01 387 139 12.2  525 244 0.54 419 144 12.7 
30 6  540 309 0.00 419 144 5.3  870 667 0.01 387 139 12.2  630 347 0.72 418 144 12.6 
35 7  665 424 0.00 420 144 5.3  945 740 0.01 387 139 12.1  700 417 0.56 418 144 12.6 
40 8  720 478 0.00 419 143 5.2  1040 837 0.01 387 139 12.1  840 559 0.48 418 144 12.6 
45 9  810 559 0.00 420 143 5.1  1125 920 0.01 387 139 12.0  855 571 0.47 418 144 12.6 
50 10  850 570 0.00 419 144 5.1  1100 836 0.01 387 139 14.5  850 567 0.40 418 144 12.5 
55 11  880 580 0.00 420 144 5.0  1045 839 0.01 387 139 11.9  880 590 0.30 419 144 12.4 
60 12  900 599 0.00 420 144 4.9  1080 886 0.01 387 139 11.9  960 672 0.35 420 144 12.4 
Note: Irrigation was applied when the plant available water fell below the ‘trigger’ value, which is relative to field capacity. mm refers to the depth of irrigation water applied, RI is the 
minimum irrigation return interval in days, I is the total irrigation applied, D is the total drainage, RO the total runoff, and T and E the total canopy transpiration and soil water 
evaporation, respectively, the units for each of which are mm. Y is the total herbage yield presented as t DM/ha. 
 
 
 
 
 
 
 
 
